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1 Introduction 
1.1 Overview 
  Cardiac arrhythmias are a group of conditions in which the electrical activity of 
the heart is irregular, faster or slower than normal. They constitute a major cause of death 
and disability among the world’s population. Of particular importance are ventricular 
arrhythmias, which account for nearly 400,000 deaths in the United States alone (Zipes & 
Wellens, 1998). Ventricular arrhythmias could occur in patients with either structurally 
normal (idiopathic arrhythmias) or abnormal (congestive heart failure, left ventricular 
hypertrophy, etc.) hearts and may degenerate into ventricular fibrillation (VF) which 
leads to sudden cardiac death (A. A. Armoundas, Hohnloser, Ikeda, & Cohen, 2005; A. 
A. Armoundas, Tomaselli, & Esperer, 2002; Zipes & Wellens, 1998). In recent years, 
electrical alternans has been considered a strong marker of electrical instability and a 
harbinger for VF (Franz, 2003; Myerburg & Spooner, 2001; J M Pastore, Girouard, 
Laurita, Akar, & Rosenbaum, 1999; D S Rosenbaum et al., 1994; Schwartz & Malliani, 
1975). Specifically, T-wave alternans at the whole heart level, seen in the 
electrocardiogram, has been shown to correspond to a beat-to-beat variation in the 
cardiac action potential duration (APD) in the single cell, a phenomenon known as APD 
alternans (Narayan, 2006; J M Pastore et al., 1999; Zipes & Wellens, 1998). It is known 
that APD alternans is accompanied by alternans in intracellular calcium ([Ca2+]i) 
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transients. [Ca2+]i transient amplitude alternans has been linked to mechanical alternans 
(H. C. Lee, Mohabir, Smith, Franz, & Clusin, 1988); thus the simultaneous occurrence of 
[Ca2+]i and APD alternans, termed electromechanical (EM) alternans, is believed to be a 
substrate for various cardiac arrhythmias (Pitruzzello, Krassowska, & Idriss, 2006). 
However, controversy on the mechanism of EM alternans exists on whether APD or 
calcium alternans is the primary force in EM alternans.  
 Understanding the electrical activity of the heart and its underlying mechanisms is 
of great importance. Not only does it improve our knowledge of the working of the 
human heart, a fundamental hope is that a more complete understanding would possibly 
lead to advances in prevention and therapies for various cardiac arrhythmias. Current 
treatment modalities used against cardiac arrhythmias include pharmacological as well as 
surgical (ablation therapy, implantable pacemakers, etc.) means. Despite great strides in 
our understanding of cardiac arrhythmias, therapy using pharmacological, percutaneous 
and surgical interventional approaches remains suboptimal (Calkins et al., 2012). A major 
limitation of therapy is our lack of mechanistic understanding for arrhythmias (Nattel, 
2002). For instance, the efficacy of current antiarrhythmic medications, which must be 
taken daily and indefinitely, is limited. Anti-arrhythmic drugs are only partially effective 
and can cause serious side effects, including life-threatening arrhythmias. Their side 
effects are hard to manage, and counterintuitively, may also be proarrhythmic (Podrid, 
1999). The use of implantable pacemakers and defibrillators, though widespread, is 
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limited by accurate sensing of arrhythmias and the best way to terminate them. Further, 
existing therapies look to treat the endpoint (VF) rather than the pathways through which 
it occurs. For instance, it is now accepted that alternans is a precursor of cardiac 
arrhythmias, since it creates a myocardial substrate conducive to development of VF. 
However, no current techniques aim to prevent VF by eliminating alternans. This is, in no 
small part, due to the lack of understanding of how alternans develops and the lack of any 
accurate technique/method to predict the occurrence of alternans in the heart.   
 The lack of understanding of the underlying mechanisms of alternans also play a 
role in the lack of targeted alternans prevention schemes or therapies.  For instance, it is 
known that myocardial ischemia promotes alternans formation in the heart and recent 
studies have shown that the disruption of mitochondrial function during ischemia might 
be a major reason for alternans formation. However, the exact mechanism of alternans 
formation in ischemia, as well as, the role of mitochondria in alternans formation remain 
unknown.  Thus, it is important that the emphasis be shifted to the initial stages of the 
pathways that eventually leads to VF and sudden cardiac death.  
The present dissertation aims to understand the development of both electrical and 
calcium alternans, which is a precursor of cardiac arrhythmias; and to investigate if the 
development of alternans can be predicted before they occur. Furthermore, it aims to 
understand the role of mitochondria in the mechanism of alternans. The overall aim of 
this dissertation is to improve our knowledge of alternans and their basic underlying 
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mechanism and pathways, so that better treatment and/or prevention strategies can be 
developed. Development of techniques to predict alternans before it occurs would be a 
valuable clinical tool, especially for use in implantable pacemakers paving the way for 
pre-emptive interventions. In addition, elucidating the mechanism or pathways of 
alternans formation would lead to targeted drug treatments to prevent alternans and thus, 
VF and sudden cardiac death.  
1.2 Thesis organization 
In chapter 1, the overview of the dissertation is presented and the research 
objectives are introduced.  
In chapter 2, a brief literature review is given on the electrical activity of the 
human heart, background of electrical and calcium alternans, possible mechanisms of 
alternans formation and previous efforts at prediction of alternans. Background 
knowledge on myocardial ischemia and its major effects are also provided. Here, the 
importance of mitochondria in mediating the effects of ischemia are outlined. Important 
previous investigations pertinent to the present study are also described.  
In chapter 3, a brief overview of the optical mapping technique used to image the 
electrical activity of the heart is provided. In addition, changes required to simultaneously 
image electrical and calcium activity are highlighted 
In chapter 4, the scope of this dissertation document is outlined.  
 5 
 
In chapter 5, experimental investigations are conducted to investigate the local 
development of [Ca2+]i and APD alternans in the isolated rabbit heart. Further, ways to 
predict of [Ca2+]i and APD alternans are probed.  
In chapter 6, experimental investigations are carried out to determine the role of 
the mitochondria, though its uncoupling, in [Ca2+]i and APD alternans formation. In 
addition, electrophysiological changes caused by ischemia and mitochondrial uncoupling 
are compared.  
In chapter 7, the work completed as part of this dissertation is summarized and 
the major contributions are presented. Recommendations of future work are also 
discussed.  
The cited literature and copyright transfer approval are listed at the end of this 
dissertation. In addition, publications arising from further work performed during the 
course of my PhD are catalogued in the appendix. This includes a peer reviewed book 
chapter in cardiovascular diseases (iConcept press Ltd.) and an original research article in 
the American Journal of Physiology: Heart and Circulatory Physiology.  
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2 Background  
2.1 General physiology of the heart 
The heart is a muscular organ in animals that facilitates blood flow through the 
vascular system by rhythmic and synchronous contraction. It is responsible for the supply 
of nutrients throughout the body through the systemic circulation, as well as, re-
oxygenation of blood via the pulmonary circulation.  
The heart consist of four chambers as shown in Figure 2-1: the left and right atria, 
which act as chambers to receive blood; and the left and right ventricles, whose primary 
action is to pump the blood out of the heart. The left side of the heart is part of the 
systemic circulation which receives oxygenated blood from the lungs and pumps it into 
the aorta for distribution throughout the body. The right side, which is part of the 
pulmonary circulation, receives the deoxygenated blood from the systemic circulation 
and pumps it to the lungs for purification.  
2.1.1 Cardiac Cycle 
The heart chambers contracts and relaxes in the cyclic manner comprising the 
cardiac cycle. A typical cardiac cycle consists of the atria receiving blood from the body 
and lungs, contraction of the atria, filling up of the ventricles and the contraction of the 
ventricles, in sequence. The mechanical contractions of the heart are triggered by 
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electrical waves of excitation propagating through the cardiac tissue. The electrical 
impulses originate in the sinoatrial (SA) node in the right atrium, which acts as the heart’s 
own pacemaker. These cells have the property of automaticity and hence, they are 
electrically self-exciting. From the SA node, the electrical wave travels to the atria, since 
they are electrically connected and cause the depolarization and contraction of the atria 
(atrial systole). The wave then passes, after a short delay, through the atrioventricular 
(AV) node, which is the only electrical connection between the atria and ventricles, to the 
purkinje fibers via the bundle of His. This short delay provides necessary time for the 
ventricles to fill up with blood. The purkinje fibers then carry this depolarization wave to 
the ventricles casing them to contract (ventricular systole). Conduction from the AV node 
to the purkinje fibers is very rapid, on the order of 0.5 m/s causing the ventricles to 
contract simultaneously. A schematic of the electrical conduction system in the heart is 
shown in Figure 2-2.  
 
Figure 2-1 Schematic diagram of the heart [From (Berhow, Hansen, & Terbizan, 2013)]  
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Figure 2-2 Schematic diagram of the electrical conduction system in the heart [from (Berhow 
et al., 2013)] 
2.1.2 The electrical action potential  
The contraction of the heart is a phenomenon that is brought about by a well-timed 
summation of single cell myocyte contractions. The contraction of each myocyte is 
triggered by the electrical wave of excitation that originates from the SA node. Each time 
the myocyte is triggered, the properties of various transmembrane ion channels change 
and a complex movement of ions in and out of the cell takes place, thereby causing a 
cyclic change in the membrane potential. This sequence of changes in the membrane 
potential is known as the action potential (AP). The AP of one myocyte will act as the 
stimulus to surrounding cells though gap junctions and diffusion, thus, eliciting an AP in 
downstream cells in the conduction system. This process is repeated until the electrical 
signal propagates through the entire heart causing the whole heart to contract. There are 5 
phases in the cardiac action potential as shown in Figure 2-3. Phase 4 corresponds to the 
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resting state of the cell, when the cell is at its resting membrane potential. This period is 
called the diastolic interval (DI) when the heart is filling up with blood.  
 
 
Figure 2-3 Cardiac Action potential: the voltage trace of a myocyte showing the different phases 
of the action potential [[Adapted from (Grant, 2009)] 
 
Phase 0, or the upstroke, is when the cell depolarizes in response to the stimulus. 
During this stage, the voltage gated Na+ channels open causing the rapid influx of Na+ 
ions into the cell. The notch seen during phase 1 can be attributed to the inactivation of 
the Na+ channels and brief contribution of the transient outward K+ current. Phase 2 or 
the plateau phase occurs next, when the inward L type calcium current is balanced by the 
outward K+ currents. During phase 3, the cell starts to repolarize and membrane potential 
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goes back to the resting value. This is because the L type calcium channels close, while 
the outward K+ channels stay open causing a sharp decrease in membrane potential. 
Phases 0-3 combined, roughly correspond to the action potential duration (APD) or 
systolic period when the myocyte contracts.   
2.1.3 Excitation-contraction coupling 
As discussed previously, the mechanical contraction of the heart is controlled by 
the electrical activity, specifically the action potential, due to its close relationship with 
intracellular calcium ([Ca2+]i) through a process term as excitation-contraction coupling. 
[Ca2+]i cycling is responsible for linking the AP to myocyte shortening or contraction. 
During upstroke, elevation of membrane voltage due to the activation of voltage gated 
sodium channels activates the L type calcium channel causing the influx of Ca2+ ions into 
the myocyte. The L type calcium channel, which maintains depolarization during the 
plateau phase, in turns triggers further Ca2+ release from the sarcoplasmic reticulum (SR) 
via the ryanodine channels (Endo, 1977). This process, known as Calcium-induced 
Calcium-release (CICR), causes a significant rise in Ca2+ ions in the cytoplasm. These 
Ca2+ ions bind to the myofilament protein troponin C, activating contraction and 
shortening of the cell. During the DI or phase 4, [Ca2+]i concentrations falls, allowing 
relaxation of the cell. This is achieved by the extrusion of Ca2+ ions from the cell via the 
sodium-calcium exchanger, with minor contributions from the sarcolemmal ATPases; 
and the pumping of Ca2+ back into the SR by the SERCA channels. This periodic rise and 
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fall of intracellular Ca2+ concentration is termed as the calcium transient. The process of 
CICR and the relative timelines of the AP, [Ca2+]i and cell shortening are shown in Figure 
2-4. 
 
Figure 2-4 Excitation-contraction Coupling: Calcium-induced calcium-release [Adapted from 
(Bers, 2002)] 
 
2.2 T-Wave alternans   
T-wave alternans describes beat-to-beat fluctuations in the morphology, polarity, or 
amplitude of the T-wave of the electrocardiogram (ECG) as shown in Figure 2-5. T-wave 
alternans has been considered a strong marker of electrical instability and harbinger for 
various cardiac arrhythmias such as ventricular fibrillation (VF) (A. A. Armoundas, 
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Hobai, Tomaselli, Winslow, & O’Rourke, 2003; Franz, 2003; Myerburg & Spooner, 
2001; Pastore, Girouard, Laurita, Akar, & Rosenbaum, 1999; Rosenbaum et al., 1994; 
Schwartz & Malliani, 1975), which is a cause of sudden cardiac death (SCD) (A. A. 
Armoundas et al., 2005, 2002; Zipes & Wellens, 1998). Since T-wave alternans has been 
noted to occur immediately prior to onset of ventricular arrhythmias ( A. A. Armoundas 
et al., 2000),  multiple risk stratification techniques to determine whether patients are 
vulnerable to arrhythmias have been developed, in which the presence of T-wave 
alternans has been accounted as the major factor (Cohen, 2002; Verrier & Ikeda, 2013).    
 
 
Figure 2-5 Illustration showing normal ECG (top) and ECG with T-wave alternans (bottom) 
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2.3 APD alternans  
Understanding the cellular basis for T-wave alternans is really important as it will 
provide more insight into the possible mechanisms of alternans, and thus, lead to better 
treatment options for patients. A lot of work has gone into researching the cellular basis 
of T-wave alternans. T-wave alternans at the whole heart level, seen in the 
electrocardiogram, has been shown to correspond to a beat-to-beat variation in the 
cardiac action potential duration (APD) in the single cell, a phenomenon known as APD 
alternans (Narayan, 2006; J M Pastore et al., 1999; Zipes & Wellens, 1998) (see Figure 
2-6 and Figure 2-7).  
 
Figure 2-6 Relationship between ECG (top) and AP morphology (bottom) during normal sinus 
rhythm (left) and alternans (right). 
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Figure 2-7 The response of cardiac tissue to periodic stimulation (BCL) represented by arrows 
during normal pacing (A), and alternans (B) 
 
Specifically, alternating AP morphology recorded from the epicardial surface in 
isolated guinea pigs hearts was shown to be co-incident with T-wave alternans in the 
pseudo ECG. Further, pharmacologically induced T-wave alternans has been graphically 
correlated with the alternation of APD, measured with a microelectrode, in a canine 
wedge preparation. These experimental results have cemented the notion that 
repolarization or APD alternans may be a cause of ventricular arrhythmias for which T-
wave alternans was a marker.  In addition to being associated with an increased risk of 
SCD, several lines of preclinical and clinical studies have suggested that alternans may 
not just be a marker, but instead play an active and instrumental role in determining the 
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susceptibility of patients to arrhythmias (Nearing & Verrier, 2002; Verrier et al., 2003; 
Weiss et al., 2011) and the heightened states alternans are associated with the generation 
of necessary substrate capable of development and maintenance of these arrhythmias 
(Merchant et al., 2013). This is shown to be likely due to the increased spatial 
heterogeneity of APD and hence, spatial dispersion of refractoriness, in both 
experimental and numerical studies (Baker, London, Choi, Koren, & Salama, 2000; J M 
Pastore et al., 1999; Qu, Garfinkel, Chen, & Weiss, 2000; Shimizu & Antzelevitch, 
1999). The increased dispersion of refractoriness predisposes the heart to wavebreak and 
initiation of re-entry. These results have also ensured that APD or electrical alternans are 
the focus of much experimental research since the exact mechanisms of alternans 
formation remain unknown.  
2.4 Mechanisms of APD alternans 
Repolarization alternans has been mechanistically linked to T-wave alternans, 
which has been shown to be a precursor of various cardiac arrhythmias and sudden 
cardiac death.  Hence, it is not that surprising that a lot of research focus has been 
devoted to elucidating the mechanisms of alternans formation in the heart. T-wave and 
APD alternans have been known to occur in the wide range of conditions. Clinically, T-
wave alternans has been associated with ischemic insult and long QT syndrome 
(Schwartz & Malliani, 1975), tachycardia and electrolyte imbalances (Shimoni Z, Flatau 
E, Schiller D, Barzilay E, 1984). In animal studies, electrical or APD alternans has been 
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induced using a variety of techniques including, but not limited to ischemia (Y.-W. Qian, 
Sung, Lin, Province, & Clusin, 2003), acidosis (Orchard, McCall, Kirby, & Boyett, 
1991), rapid pacing (J M Pastore et al., 1999; J M Pastore, Laurita, & Rosenbaum, 2006; 
J. M. Pastore & Rosenbaum, 2000), hypothermia (J M Pastore et al., 1999), and 
pharmacological means (Masaomi Chinushi, Hosaka, Washizuka, Furushima, & Aizawa, 
2002; Shimizu & Antzelevitch, 1999). However, the current interventions used to-date to 
supress alternans, arrhythmias, and fibrillation, including  high dose calcium channel 
blockers (Riccio, Koller, & Gilmour, 1999), hyperkalemia (Koller, Riccio, & Gilmour, 
2000), bretylium (Garfinkel et al., 2000), have limited clinical utility. Therefore, more 
effective methods of suppressing alternans need to be identified which would require a 
more complete understanding of why and how alternans is initiated in the heart.  
2.4.1 Electrical restitution 
One of the fundamental characteristics of a cardiac myocyte is the shortening of 
APD as the heart rate increases, a phenomenon known as electrical restitution. Electrical 
restitution plays an important role in the function of the heart. As the heart rate increases, 
a shorter APD allows for a longer DI, thereby giving the heart adequate time to refill with 
blood. Although electrical restitution is a necessity at moderate heart rates, it may result 
in life threatening arrhythmias and fibrillation at very high heart rates (Franz, 2003; Zipes 
& Wellens, 1998). Electrical restitution forms the main hypothesis for the generation of 
APD alternans.  
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The electrical restitution curve is a non-linear relationship between APD and 
previous DI, which describes the time course of recovery of APD as a function of the DI 
or the basic cycle length (BCL) i.e. 
, Eq. 1 
Here, f is the restitution curve,  is the APD generated by the (n+1)th stimulus and 
 is the nth stimulus. Essentially, it describes the change in APD which occurs when DI 
is altered (usually by a change in the BCL or stimulation rate). This relationship can be 
explained by the time dependence of recovery from inactivation of the various ionic 
currents which are responsible for the AP. For example, a steep restitution curve 
describes a situation where a small change in DI has much larger subsequent effect on the 
APD. It has been proposed that the onset of APD alternans in cardiac myocytes can be 
determined by analysing their responses to periodic stimulation and constructing a 
restitution curve (Miyauchi et al., 2005; Nolasco & Dahlen, 1968; Riccio et al., 1999).  
Electrical restitution as a mechanism of formation of alternans was first described 
by Nolasco and Dahlen in 1968 (Nolasco & Dahlen, 1968). The authors developed a 
graphical method to analyse and predict APD alternans in a mapping model under the 
assumption that pacing occurs at a constant rate (constant BCL).  
. Eq. 2 
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Nolasco and Dahlen constructed a cobweb diagram to illustrate the way in which 
the slope of APD restitution curve determined whether APD alternans was present or not, 
following a change in BCL or a perturbation (see Figure 2-8). In the case of the steep 
restitution curve, shortening of DI leads to shortening of APD in the next iteration, which 
in turn leads to a long DI, under the assumption of periodic pacing and constant BCL. 
The longer DI then leads to a long APD and subsequent short DI giving rise to self-
sustaining alternation in APD and DI and hence, alternans. In contrast, if the restitution 
curve is shallow, the variation in APD would progressively be reduced leading one steady 
state and one value of APD.  
 
Figure 2-8 Cobweb diagram illustrating the production of APD alternans due to electrical 
restitution. The solid line represents the restitution curve, the dashed line represents the 
condition . For a system operating in shallow part of restitution curve, 
small perturbation in DI (•) is extinguished, while alternans occurs when the restitution curve is 
steep.  
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2.4.2 Using restitution curves to predict APD alternans: Restitution hypothesis 
As described previously, it has been proposed that the onset of APD alternans in 
cardiac myocytes can be determined by analysing their responses to periodic stimulation 
and constructing a restitution curve (Miyauchi et al., 2005; Nolasco & Dahlen, 1968; 
Riccio et al., 1999), which represents the nonlinear relationship between the APD and the 
preceding diastolic interval (DI). Furthermore, Nolasco and Dahlen showed APD 
restitution to be an important indicator of wave stability, and it has been proposed 
theoretically that a slope of the restitution curve equal to one predicts the onset of APD 
alternans in cardiac myocytes (Nolasco & Dahlen, 1968), leading to the restitution 
hypothesis. The restitution hypothesis led to the hypothesis that flattening the restitution 
curve will help prevent fibrillation and other cardiac arrhythmias. Indeed, some studies 
have also indicated that fibrillation can be suppressed using pharmacologic agents that 
reduce restitution slope (Riccio et al., 1999), leading some to suggest that the restitution 
slope is a promising target for antiarrhythmia drug design (Gilmour, 2003; J. N. Weiss, 
Garfinkel, Karagueuzian, Qu, & Chen, 1999). Further, this study represented a 
breakthrough in the field of cardiac electrophysiology, since it meant that alternans could, 
theoretically at least, be predicted. This presented the possibility that alternans and the 
various cardiac arrhythmias for which alternans was a precursor to, could be prevented.  
Since then, alternans have been proposed to predict electrical stability in 
myocytes (D S Rosenbaum et al., 1994; J. M. Smith, Clancy, Valeri, Ruskin, & Cohen, 
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1988); and a slope of restitution > 1 has been theorized to induce spiral wave breakup. 
(Fenton, Cherry, Hastings, & Evans, 2002; F. Xie, Qu, Garfinkel, & Weiss, 2002).  In 
addition, the slope of the restitution curves have been subsequently used to predict the 
occurrence of alternans. So, far prediction of onset of alternans using the slope of the 
restitution curve have been attempted in isolated myocytes (Goldhaber et al., 2005), 
monolayers (de Diego et al., 2008), purkinje fibers (Koller, Riccio, & Gilmour  Jr., 1998), 
and in the whole heart (Lou & Efimov, 2009). The outcome of all these studies, however, 
show mixed results. Indeed, experimentally, this so-called restitution hypothesis has not 
always been accurate. Indeed, several experimental studies have demonstrated the 
existence of alternans for a shallow (slope < 1) restitution, while no alternans was 
observed for a steep (slope > 1) restitution (Hall, Bahar, & Gauthier, 1999; Riccio et al., 
1999). In addition, the restitution hypothesis has been shown to have little clinical 
relevance, with studies showing poor correlation between APD alternans, APD 
restitution, and clinical outcome.   
2.4.3 Failure of restitution hypothesis: Short term Memory 
The restitution hypothesis was developed theoretically decades ago. From the 
experimental standpoint, this hypothesis was very attractive since it allows complex 
cardiac rhythms to be predicted from the dynamical behaviour of the periodically paced 
cardiac tissue.  However, as mentioned previously, the use of the restitution hypothesis to 
predict the onset of alternans has yielded mixed results so far.  
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One of the main reasons for this was the mapping model used by Nolasco and 
Dahlen. The authors made the assumption that the APD was a function of only the 
previous DI. However, many experiments have shown that the mathematical model on 
which the hypothesis is based is incomplete: the restitution curve has been shown to 
depend on the manner in which it was measured (Elharrar & Surawicz, 1983), suggesting 
that APD is a function of more than just the preceding DI, a concept known as short term 
memory. It should be noted that this short term memory refers to the APD changes 
occurring on the time scale of minutes, and is distinct from the long term memory 
changes that involve electrical remodelling and occur on timescales of hours or longer 
(Rosen, 2000). Indeed, several studies have shown that the actual dynamics of 
periodically paced cardiac tissue are much more complex, and the APD usually depends 
on the entire pacing history (de Diego et al., 2008; Gilmour  Jr., 2002; Goldhaber et al., 
2005; Hall et al., 1999; Koller et al., 1998; Lou & Efimov, 2009; E G Tolkacheva, 
Schaeffer, Gauthier, & Krassowska, 2003) and not just the previous DI.  
Short term memory ensures that there is a dependence of the restitution curve on 
the pacing protocol used to obtain it. Various pacing protocols have been implemented to 
investigate electrical restitution, with the two most common being the dynamic and S1-
S2 restitution curve (see Figure 2-9). In a dynamic restitution protocol, the cardiac tissue 
is paced at a constant rate (BCL) until steady state is reached. A steady state APD and DI 
are then measured as the BCL is progressively decreased (progressively downsweep 
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protocol). In contrast, a S1-S2 protocol involves recording the APD in response to a 
premature stimulus (S2) applied at various times relative to the end of a series of paced 
(S1) beats which remains fixed.  Theoretical studies (E G Tolkacheva et al., 2003) have 
shown that the restitution curves obtained from each of these different pacing protocols 
capture a different aspect of restitution dynamics. For instance, the dynamic restitution 
curve is a measure of the steady state responses, while the S1-S2 is a measure of response 
to immediate perturbation. In the presence of memory, these different restitution curves 
have different slopes, and none of them have been clearly linked to the onset of alternans 
(Goldhaber et al., 2005; Koller et al., 1998; Riccio et al., 1999). Thus, the entirety of 
cardiac dynamics is not represented by a restitution curve obtained using a single pacing 
protocol.  
 
Figure 2-9 Two common types of restitution curves: Dynamic and S1-S2. Each curve is 
generated using different pacing protocol. [Adapted from (Elharrar & Surawicz, 1983)] 
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2.4.4 Restitution Portrait: Inclusion of short term memory in the restitution 
hypothesis 
In order to obtain a restitution curve which is more inclusive of all aspects of 
cardiac dynamics, a perturbed downsweep protocol was developed theoretically (E G 
Tolkacheva et al., 2003) leading to the concept of the restitution portrait. This protocol 
includes both the progressively downsweep dynamic pacing protocol and local S1-S2 
protocol incorporating a long (LP) and a short perturbation (SP) at each BCL of the 
dynamic protocol; and the resulting restitution portrait consists of several restitution 
curves measured simultaneously at various pacing frequencies (BCLs) allowing one to 
measure and visualize multiple aspects of APD restitution. Specifically, the restitution 
portraits consists of dynamic restitution curve and several ‘local’ S1-S2 curves thus 
capturing the steady state response as well as the response to perturbation at each 
frequency (see Figure 2-11). In addition, the restitution portrait includes quantification of 
APD accommodation, which is the slow monotonic change in APD following a change in 
BCL. Figure 2-11 shows the illustration of a restitution portrait and the perturbed 
downsweep protocol used to obtain it. 
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Figure 2-10 Example of a restitution portrait showing different aspects of cardiac dynamics: 
APD accommodation (Black), dynamic (blue) and local S1-S2 (pink) restitution curves[from (E G 
Tolkacheva, Anumonwo, & Jalife, 2006)] 
 
Figure 2-11 Illustration of the perturbed downsweep protocol (top) and a representative 
example of an APD restitution portrait (bottom). SS denotes Steady State, SP and LP denotes 
short and long perturbation respectively [from (Elena G Tolkacheva & Visweswaran, 2013)].  
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The perturbed downsweep protocol was implemented successfully in small 
bullfrog cardiac tissue and rabbit myocytes. It was confirmed in the latter study that one 
of the slopes measured in the restitution portrait can accurately predict the onset of APD 
alternans in myocytes. This suggests that the restitution portrait may be a better approach 
to predict APD alternans compared to individual restitution curves since it captures 
several aspects of cardiac dynamics simultaneously.  
2.5 Calcium transient and electromechanical alternans  
In the heart, membrane voltage and intracellular calcium ([Ca2+]i)  are 
bidirectionally coupled, with each exerting an influence on the other during the course of 
an action potential. Each AP is followed by a [Ca2+]i transient which couples the 
electrical activity to mechanical coupling (Figure 2-12 top).  The [Ca2+]i transient is 
dictated and controlled by both the AP trigger and by the SR Ca2+ load. The elevation of 
voltage activates the L-type calcium current to invoke the elevation of [Ca2+]i, which in 
turn triggers Ca2+ release from the sarcoplasmic reticulum, termed calcium-induced-
calcium-release (A. A. Armoundas et al., 2003). Thus, [Ca2+]i transient is influenced by 
membrane voltage by its effect on the L-type calcium channel. Further, as Ca2+ reuptake 
into the SR occurs during the DI, the SR Ca2+ load also indirectly depends on the APD of 
the previous beat. On the other hand, [Ca2+]i amplitude controls APD in opposing ways 
via its effects on [Ca2+]i -sensitive membrane currents. A rise in the cytosolic Ca
2+ is 
known to produce an inward current through the NCX (Mullins, 1979) to maintain 
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depolarization. But increase in [Ca2+]i can also trigger a faster [Ca
2+]i mediated 
inactivation of the L-type calcium channel favoring repolarization (K. S. Lee, Marban, & 
Tsien, 1985). In some species, such as the rabbit, a Ca2+ activated chloride current also 
exists which can affect the AP. 
Given the close relationship between membrane voltage and intracellular calcium 
cycling, it is not surprising that alternations in the APD can be accompanied by 
alternating behavior in the intracellular calcium cycling. [Ca2+]i alternans has been 
defined as the beat-to-beat alternation in the amplitude of the calcium transient. The 
simultaneous occurrence of [Ca2+]i and APD alternans, termed electromechanical (EM) 
alternans (see Figure 2-12 bottom), is believed to be a substrate for various cardiac 
arrhythmias (Clusin, 2008; Pitruzzello et al., 2006).  
Studies have revealed that [Ca2+]i alternans is closely related to the dynamics and 
stability of intracellular calcium Ca2+ handling. The key even of [Ca2+]i cycling is the SR 
Ca2+ regulation, including the release of Ca2+ from the SR and Ca2+ uptake by the 
SERCA pump. Under certain conditions, the SR Ca2+ content cannot recover between 
heart beats due to disordered calcium-induced calcium-release from the SR and/or SR 
Ca2+ uptake. These fluctuations would lead to alternations in the [Ca2+]i transient due to 
different diastolic baselines and hence, [Ca2+]i alternans.  
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Figure 2-12 Relationship between membrane voltage and calcium transient. Voltage (red) and 
[Ca2+]i transient (red) showing relationship between AP and calcium transient during normal 
(top) and electromechanical alternans (bottom). Note that during EM alternans both APD and 
calcium transient amplitude alternate between a large and short value every beat. 
 
[Ca2+]i transient amplitude alternans has been linked to beat-to-beat alternations in 
the strength of contractions of the heart muscle, termed mechanical alternans (H. C. Lee 
et al., 1988; Orchard et al., 1991). However, it is interesting to note that, before the 
advent of reliable and practical calcium indicators, mechanical alternans was shown to be 
associated with beat-to-beat fluctuations in the APD. However, an unplanned spinoff of 
the experiments of Lee et al. (H. C. Lee et al., 1988) showed that in saline perfused rabbit 
hearts, the calcium transient alternates from beat-to-beat during the first 2-4 minutes of 
ischemia. Since mechanical alternans also occurred in these experiments and had been 
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described decades earlier, the term ‘calcium transient alternans’ was coined by Lee et al. 
to describe this result (Clusin, 2008).  Within the year, a relationship between mechanical 
alternans and intracellular calcium alternans was reported in ferret papillary muscles, the 
surface cells of which were injected with the calcium sensitive photoprotein aequorin 
(Lab, 1987).  
2.5.1 Mechanism of [Ca2+]i alternans: Intracellular calcium cycling  
As discussed previously, it has been postulated in several numerical and single 
cell experimental studies that [Ca2+]i  alternans might be responsible for the fluctuations 
in APD that produce T-wave alternans in the whole heart (Shiferaw, Watanabe, 
Garfinkel, Weiss, & Karma, 2003; Wan, Laurita, Pruvot, & Rosenbaum, 2005). Those 
belonging to this school of thought believe that cardiac mechanical and electrical 
alternans arises from dynamical instabilities in calcium cycling. The key events of [Ca2+]i 
cycling is the SR Ca2+ regulation, including the release of Ca2+ from SR and the reuptake 
of these ions by the SERCA pumps. Under control conditions, in order to maintain stable 
Ca2+ cycling in the myocyte, the amount Ca2+ released from the SR, which elevates 
cytosolic Ca2+ to initiate contraction, should strictly be equal to the amount of Ca2+ taken 
back into the SR by SERCA . However, under abnormal conditions this might not always 
be the case. Under certain conditions, SR Ca2+ content cannot fully recover during the DI 
due to disordered CICR. The fluctuation of SR Ca2+ content would lead to a period 
doubling alternations of [Ca2+]i transient which can, in turn, induce alternans in APD via 
 29 
 
the previously mentioned Ca2+ sensitive membrane currents (Shiferaw et al., 2003; James 
N Weiss et al., 2005). SR Ca2+ loads have also been implicated in the formation of [Ca2+]i 
alternans. Indeed, recent work suggests that at particularly high SR Ca2+ loads, small 
variations in the SR Ca2+ content can give rise to large variations in the SR Ca2+ release 
and therefore, the amplitude of the [Ca2+]i transient (Shannon, Ginsburg, & Bers, 2000). 
If this behaviour is couple to a very steep relationship between cytosolic  Ca2+ and the 
Ca2+ efflux from the cell, then prominent alternans in the SR Ca2+ release will be 
generated (Diaz, O’Neill, & Eisner, 2004). Other potential mechanisms for the formation 
of [Ca2+]i transient alternans include alternation in the metabolic regulation of SR 
function (Hüser, Wang, et al., 2000), or alternating properties of the SR Ca2+ release 
which is independent of SR Ca2+ content (Picht, DeSantiago, Blatter, & Bers, 2006).  
2.6 Alternans in extended cardiac tissue: Complexity of alternans formation 
in the heart 
The mechanisms proposed in the previous sections explain formation of alternans 
at a cellular level. Further, the techniques suggested to predict alternans formation arise 
from understanding of alternans formation at a cellular level. However, the dynamics of 
periodically paced whole hearts are much more complex, not in the least, due to presence 
of cell to cell coupling that exists in extended cardiac tissue. For instance, in a numerical 
simulation of 3D cardiac tissue, Bernus et al.(Bernus, Zemlin, Zaritsky, Mironov, & 
Pertsov, 2005), showed that the voltage traces and amplitude of alternans, measured as 
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the difference in APD between two consecutive beats, obtained by pacing three 
individual cells from different locations in a 3D tissue was substantially different from 
that obtained from the exact same cells by pacing the entire tissue. In fact, in one cell 
location, an alternans amplitude of 20 ms was rcorded during the 3D simulation, as 
opposed to 2 ms in the single cell measurements. This highlights and emphasizes the fact 
that there are significant spatial factors at play in the extended tissue and whole heart 
level, which directly affect the dynamics of alternans formation. The presence of these 
additional factors also affect the usefulness of the existing techniques, such as the 
restitution hypothesis, to accurately predict the onset of the alternans in the heart. The 
presence of a single restitution curve measured in the heart does not reflect its true spatio-
temporal dynamics and thus cannot be expected to accurately predict the onset of 
alternans. Indeed, it is thought that one of the reasons for the failure of the restitution 
hypothesis is due to the complex spatio-temporal formation of APD alternans in the heart. 
Thus, it is important to take into account, how spatial factors affect the formation of 
alternans in cardiac tissue.  
In cardiac tissue, APD and/or [Ca2+]i alternans can be spatially concordant or 
spatially discordant. Figure 2-13 shows an illustration of spatially concordant and 
spatially discordant APD alternans. Spatially concordant alternans implies that cells from 
different spatial locations (for instance, regions a and b in Figure 2-13 A) oscillate in 
phase, i.e. all cells across the tissue exhibit long-short sequences of APD synchronously. 
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However, with spatially discordant alternans, cells in different regions alternate out-of 
phase with each other (Figure 2-13 B). For instance, in Figure 2-13 B, cells in region a 
exhibit short-long sequences of APD, while cells in region b exhibit a long-short 
sequence of APD. The out-of-phase regions are separated by a nodal line where no 
alternans exists. Spatially discordant alternans is a dynamical phenomenon that is 
particularly arrhythmogenic because it desynchronizes depolarization and leads to 
formation of very steep gradients of refractoriness that can promote wave break and re-
entry (Cao et al., 1999; J M Pastore et al., 1999; J. M. Pastore & Rosenbaum, 2000; E J 
Pruvot & Rosenbaum, 2003). It has been shown previously that spatially discordant 
alternans is a primary cause of T-wave alternans, which, as mentioned previously, is a 
precursor of ventricular arrhythmias (Cao et al., 1999; E J Pruvot & Rosenbaum, 2003). 
Two possible mechanisms have been proposed theoretically to explain the appearance of 
spatially discordant alternans. From a starting state of spatially concordant alternans, it 
has been proposed that either pre-existing tissue heterogeneity or a steep conduction 
velocity restitution mediates a transition to spatially discordant alternans (M Chinushi, 
Kozhevnikov, Caref, Restivo, & El-Sherif, 2003; Fox, Riccio, Hua, Bodenschatz, & 
Gilmour  Jr., 2002; J M Pastore et al., 2006; Watanabe, Fenton, Evans, Hastings, & 
Karma, 2001).  
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Figure 2-13 APD SCA (A) and SDA (B) in simulated 2D cardiac tissue. Top panel: Action 
potentials from two sites, a and b, oscillate in phase with each other in A, and out-of-phase in B. 
Middle Panel shows the spatial distribution of APD. The nodal line (white) a region with no APD 
alternans which separates the out-of-phase regions. Bottom panel shows dispersion of APD is 
markedly high in B, with the steepest gradient across the nodal line [Adapted from (James N 
Weiss et al., 2006)].  
The complexity of spatial factors in alternans formation is further increased when 
the bidirectional relationship between membrane voltage and intracellular calcium is 
factored in. As mentioned previously in section 2.5, the relationship is mediated by 
various ion channel currents such as the L type calcium current and the sodium-calcium 
exchanger current. Based on the relative contributions of two currents, two distinct cases 
of coupling between voltage and calcium exists (Sato et al., 2006). First, positive 
coupling can occur when the rise in [Ca2+]i increases inward current through the sodium-
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calcium exchanger, which prolongs APD, and thus, leads to in-phase EM alternans, 
where a long-short [Ca2+]i  transient corresponds to a long-short APD. In-phase EM 
alternans has been confirmed experimentally (Chudin, Goldhaber, Garfinkel, Weiss, & 
Kogan, 1999; Lakireddy et al., 2005; Wang et al., 2008).Second, as recent numerical 
simulations have suggested (Sato et al., 2006; Shiferaw & Karma, 2006), negative 
coupling can occur when an increase in the peak [Ca2+]i mediates a faster inactivation of 
the L type calcium current that shortens the APD leading to out-of-phase EM alternans, 
where a long-short [Ca2+]i transient corresponds to a short-long APD sequence. Although 
this negative coupling and out-of-phase EM alternans has been described theoretically, it 
has never been observed experimentally.   
Figure 2-14 shows exciting data from our lab demonstrating, for the first time, 
that electrophysiological changes occurring during ischemia induces negative coupling 
between voltage and [Ca2+]i making the heart vulnerable to out-of-phase EM alternans. 
Note that traces from “*” region indicate in-phase alternans, where longer APD 
corresponds to larger [Ca2+]i transients. In contrast, traces from “#” region indicate out-
of-phase alternans, where longer APD corresponds to smaller [Ca2+]i transients. The 
regions of the heart enclosed by the yellow boundary in the 2D alternans maps, 
developed out-of-phase EM alternans under ischemic conditions. Clinically, the 
mismatch between mechanical and electrical activity in the heart during out-of-phase EM 
alternans can lead to the development of a substrate more conducive to initiation of VF; 
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and therefore, out-of-phase EM alternans could possibly be one of the reasons for 
increased incidences of ischemia related arrhythmias. 
 
 
Figure 2-14 In-phase and Out-of-phase EM alternans. Left panel: 2D alternans maps for 
[Ca2+]i amplitude (Top) and APD (bottom) for two pairs for consecutive stimulus. Yellow 
boundary represents region with out-of-phase EM alternans, while rest of the heart has in-phase 
EM alternans. Right Panel:  Single pixel voltage and [Ca2+]i traces taken from the region 
denoted by ‘*’ exhibits in-phase EM alternans (top) while ‘#’ region exhibits out-of-phase EM 
alternans (bottom). 
 
Both spatially discordant alternans and out-of phase EM alternans represent a 
cardiac substrate that is extremely vulnerable to cardiac arrhythmias (E J Pruvot & 
Rosenbaum, 2003; Sato et al., 2006). However, it is important to note that both these 
conditions develop from spatially concordant alternans through various dynamical 
mechanisms and that, spatially concordant alternans is the primary step in the pathway 
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that eventually leads to cardiac arrhythmias in whole heart. Thus, it is very important to 
understand and investigate the formation of spatially concordant alternans at the tissue 
level.  
The interaction between APD and [Ca2+]i alternans to determine which is primary 
driving force for EM alternans also needs to performed in extended tissue to take into 
account, the complex spatial factors. Further, little attention has been given to the spatial 
distribution of the restitution properties of the heart and its correlation with the onset of 
alternans. Therefore, it is imperative that, techniques to characterize restitution properties 
and to predict alternans at the cellular level, be applied carefully to allow application at 
the tissue and whole heart level.  
2.7 Local onset of Alternans 
As mentioned in the previous section, one cannot ignore the complex spatio-
temporal factors that come into account when alternans forms in the cardiac tissue. There 
are a multitude of factors like electrotonic coupling and heterogeneity, either anatomical 
or dynamic, which play an important role in how alternans develops. While many studies 
have concentrated on investigating the more arrhythmogenic spatially discordant 
alternans, few have attempted to understand how spatially concordant alternans develops 
in the heart. For instance it is known that spatially concordant alternans can transition to 
spatially discordant alternans via two pathways: either instantaneously or gradually over 
time during APD accommodation as the pacing rate increases. It was only recently that 
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our lab showed that spatially concordant APD alternans has a local onset in the heart, i.e. 
APD alternans develops in a small region of the heart, and then occupies the entire 
surface as the pacing rate increases (Cram, Rao, & Tolkacheva, 2011). However, not 
much is known about the spatio-temporal evolution of [Ca2+]i alternans in the heart and 
how it may play a role in the development of EM alternans remains unknown, since Cram 
et al., did not map intracellular voltage. It is not clear if [Ca2+]i alternans is affected by the 
complex spatio-temporal factors that affect the formation of APD alternans in the heart.  
2.7.1 Local onset and prediction of calcium alternans 
Since Nolasco and Dahlen’s initial numerical study (Nolasco & Dahlen, 1968), a 
lot of research effort has been focussed on researching the mechanism of APD alternans. 
These have included research trying to elucidate the spatial and temporal evolution of 
APD alternans in isolated myocytes and, more recently, in whole hearts; as well as 
studies looking to predict the onset of APD alternans. For instance, Cram et al. (Cram et 
al., 2011) showed that APD alternans has local onset in the isolated heart, the onset of 
which can be predicted by one of the slopes of the restitution portrait. However, APD 
alternans might form secondary to [Ca2+]i alternans. Considerable number of recent 
studies implicate [Ca2+]i alternans as the primary driving force for repolarization and EM 
alternans (Shiferaw et al., 2003; Wan et al., 2005). These simultaneous AP- [Ca2+]i 
studies were, however, performed using numerical simulations, in isolated myocytes, or 
in various pathophysiological conditions. Not much is known about the spatial and 
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temporal evolution of [Ca2+]i alternans in the whole heart. It is not clear if [Ca
2+]i 
alternans is affected by the complex spatio-temporal factors that affect the formation of 
APD alternans in the heart. Indeed, it is not known whether [Ca2+]i alternans, similar to 
APD alternans, has a local onset, developing in a small region of the heart, and then 
spreading across the entire surface as the pacing rate increases. Fewer studies still, have 
looked into prediction of [Ca2+]i alternans, which might occur before APD alternans. It is 
not clear how the restitution properties apply to calcium dynamics, and even though the 
restitution portrait has proved useful in predicting APD alternans, it is still unclear 
whether it can be applied to predicting the onset of [Ca2+]i alternans. 
2.8 Driving force of electromechanical alternans: APD and [Ca2+]i transient 
alternans? 
Both APD and [Ca2+]i transient have been shown to display alternans at a cellular 
level, and occur linked in space and time , independent of activation site (Etienne J 
Pruvot, Katra, Rosenbaum, & Laurita, 2004). Therefore, it is not surprising that both have 
been implicated as the primary cause of repolarization or EM alternans. Two schools of 
thought exists to explain the mechanisms of electrical and mechanical alternans. One 
hypothesis states that alternans is primary APD driven i.e. dynamic instabilities leads to 
alternations in APD which in turn causes alternations in the calcium transient . But it has 
also been postulated that [Ca2+]i alternans might be responsible for the fluctuations in 
APD that produce T-wave alternans in the whole heart (H. C. Lee et al., 1988; Wan et al., 
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2005).  It is suggested that [Ca2+]i alternans develops first due to dynamical instabilities in 
calcium cycling, (Chudin, Garfinkel, Weiss, Karplus, & Kogan, 1998; Shiferaw et al., 
2003), which then drives APD alternans, leading to EM alternans in the heart (Lakireddy 
et al., 2005).  
However, in recent years, acceptance of the role of intracellular calcium cycling  
as primary driving force in the repolarization alternans has gained traction following 
studies showing that [Ca2+]i alternans does not require APD alternans. This result was 
observed in several studies using isolated voltage clamped cardiomyocytes (Chudin et al., 
1999; Wan et al., 2005). Further studies have shown that APD alternans in isolated 
cardiomyocytes can be abolished using interventions which affect  [Ca2+]i cycling, 
including blockade of SR Ca2+ release (Saitoh, Bailey, & Surawicz, 1989), application of 
L type calcium channel antagonists (Hirayama, Saitoh, Atarashi, & Hayakawa, 1993). It 
was also shown that by suppressing [Ca2+]i cycling and buffering [Ca
2+]i transients, APD 
alternans under rapid pacing was abolished even though APD shortened with faster 
pacing (Goldhaber et al., 2005). The authors showed that the presence of intracellular 
[Ca2+]i transient, rather than a steep restitution was a prerequisite for repolarization 
alternans. These results point towards a primary role for [Ca2+]i in the genesis of EM 
alternans. However, one would be amiss to ignore the interactions between APD 
restitution and [Ca2+]i cycling. Indeed, it was shown that changes in the [Ca
2+]i cycling 
can affect the APD restitution slope. However, even considering the wealth of studies 
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indicating [Ca2+]i as the prime culprit in the initiation of EM alternans;  more work, 
especially at the tissue and whole heart level, needs to be done to confirm this hypothesis, 
since the majority of these studies have used numerical simulations and isolated 
myocytes. 
2.9 Clinical importance of alternans prediction 
T-wave alternans has been considered a strong marker of electrical instability and 
harbinger for various cardiac arrhythmias such as ventricular fibrillation (VF) (A. A. 
Armoundas, Hobai, Tomaselli, Winslow, & O’Rourke, 2003; Franz, 2003; Myerburg & 
Spooner, 2001; Pastore, Girouard, Laurita, Akar, & Rosenbaum, 1999; Rosenbaum et al., 
1994; Schwartz & Malliani, 1975), which is a cause of sudden cardiac death (SCD) (A. 
A. Armoundas et al., 2005, 2002; Zipes & Wellens, 1998). In the long term, detection of 
T wave alternans has been shown to be useful in identifying individuals at a heightened 
risk for sudden cardiac death. 
Since it has been shown that T wave alternans at the whole heart is 
mechanistically linked to repolarization alternans at the single cell level. (Narayan, 2006; 
J M Pastore et al., 1999; Zipes & Wellens, 1998), more recently studies in animal models 
have looked at evaluating the usefulness of ultra-short term alternans prediction. The 
importance of ultra-short term prediction of onset of alternans lies in its potential use in 
implantable pacemakers and ICD’s. With accurate prediction of imminent alternans, 
these implantable devices can be programmed to stimulate the heart with specific anit-
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alternans pacing regimes to prevent alternans formation, paving the way for pre-emptive 
interventions and thereby reducing the instances of sudden cardiac death.  Thus, the 
prediction of onset of alternans has huge clinical importance. 
2.10 Myocardial Ischemia and its role in alternans formation 
Myocardial ischemia (MI) is generally defined as an abrupt decrease in blood 
flow to the heart muscle usually caused by an obstruction of one or more coronary 
arteries. MI is characterised by a deficient energetic input as well as deficient waste 
removal. This results in a failure of contraction, deterioration of electrical behaviour 
(Carmeliet, 1999), and, if prolonged (>30 min), the eventual death of the cell from both 
necrosis and apoptosis (Hearse & Bolli, 1991), which can lead to lethal VF or mechanical 
pump failure (Perron & Sweeney, 2005). All these make ischemic heart disease the 
leading cause of death in the world and an increasing problem in developing countries.  
Historically, it has been accepted that alternans occurs during ischemia. Many 
studies have reported that APD alternans has been directly observed during ischemia 
(Downar, Janse, & Durrer, 1977; Kurz, Mohabir, Ren, & Franz, 1993; H. C. Lee et al., 
1988). In fact, the study by Downar et al. using floating microelectrodes was the first to 
report that APD alternans, associated with T-wave alternans, appeared within 3-9 minutes 
of the onset of myocardial ischemia caused by acute coronary occlusion. The recordings 
of transmembrane potential showed little change in AP amplitude but up to ~50% 
decrease of APD on each alternate beat (Downar et al., 1977). An alternative approach to 
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floating electrotrodes has been the use of monophasic action potential (MAP), which 
have been known to produce more stable recording. Studies using MAP and 
microelectrodes uncovered the development of APD alternans in the left ventricle after 2-
4 mins  of ischemia (Kurz et al., 1993). A separate study serendipitously led to the 
discovery that, during the same period of ischemia, [Ca2+]i transients alternans from beat-
to-beat showing that ischemia promotes, not only the formation of APD alternans, but 
also [Ca2+]i alternans (H. C. Lee et al., 1988). Not surprisingly, many researchers in the 
field accept myocardial ischemia makes the cardiac myocytes and tissue susceptible to 
alternans. Indeed many studies have used ischemia to study alternans in the heart 
(Lakireddy et al., 2005; Y. W. Qian, Clusin, Lin, Han, & Sung, 2001; Y.-W. Qian et al., 
2003). It was with further advances in the study of calcium transient and APD alternans 
came with the discovery that these phenomena could be produced reliably in perfused 
hearts and single cells by a sudden and sufficient increase in the stimulation rate. That is 
to say, a non-ischemic heart or isolated cell that is paced at a rapid rate produces the same 
pattern of repetitive changes in the calcium transient and action potential that were 
described with ischemia (H. C. Lee et al., 1988). This might be due to the fact that rapid 
pacing places an enormous stress in the energy demands of the cell, similar to what 
happens during ischemia when ATP production is affected.  
Although it is generally accepted that ischemia facilitates alternans formations in 
the heart, the actual mechanism remains unknown. The onset of ischemia/reperfusion 
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arrhythmias have linked to the favorable substrate created by the presence of APD and 
Ca2+ alternans (Dilly & Lab, 1987, 1988; Kurz et al., 1993; C. F. Murphy, Horner, Dick, 
Coen, & Lab, 1996; Nearing & Verrier, 2002). Ischemic myocardium undergoes a series 
of metabolic changes, which make it particularly vulnerable to alternans even at low 
pacing rates (Chow et al., 2006). It has been suggested that significant changes can occur 
within the first 5-10 mins of interruption of perfusion (F. G. Akar, Aon, Tomaselli, & 
O’Rourke, 2005). Several possible mechanisms have been proposed to explain the onset 
of alternans during ischemia when vulnerability to alternans increases due to marked 
spatial heterogeneities in epicardial APD and calcium transient (Lakireddy et al., 2005; 
Y. W. Qian et al., 2001; Y.-W. Qian et al., 2003), but the actual mechanism of their 
formation remains unknown. 
2.10.1 Metabolic changes in myocardial ischemia  
Myocardial ischemia is a complex physiological condition which causes profound 
electrical, metabolic, and mechanical changes in the heart. Blockage of blood supply to 
part of tissue sets into motion a cascade of events in each cell. The resulting insufficient 
blood supply to the myocardium leads rapidly to disturbances in myocardial metabolism 
(Cascio WE, Johnson TA, 1995).  
The reduction in availability of oxygen (hypoxia/anoxia) leads a shift from the 
overwhelmingly predominant aerobic metabolism, in which oxygen is used as the 
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substrate, to anaerobic metabolism using other substrates. Anaerobic metabolism is 
relatively ineffective, and quickly consumes available resources (Cohen RD, 1975).  
Due to the rapid fall in pO2, oxidative phosphorylation and mitochondrial ATP 
production cease within a few seconds after myocardial ischemia, and is replaced by 
anaerobic metabolism which sustains ATP production, but with a much lower yield and 
net production of lactic acid. Thus, ischemia leads to a disruption in ATP production and 
lowers the amount of ATP available for cellular metabolism. Depletion of cellular ATP 
results in mitochondrial dysfunction.  The combination of increased anaerobic 
metabolism and decreased waste washout leads to a net increase in proton concentration 
and CO2 within the cardiac tissue, effectively lowering the intracellular pH (Cross, 
Clarke, Opie, & Radda, 1995). The decrease in pH lowers the sensitivity of the 
myofilaments to calcium and decreases contractile force (B. Y. D. G. Allen, Lee, & 
Smith, 1989; Fabiato & Fabiato, 1978; H. C. Lee et al., 1988).  
In order to attempt to correct the intracellular acidic milieu, cardiomyocytes 
activate the sodium-hydrogen exchanger in order to pump the protons out of the cell. 
Given the stoichiometry and working of the sodium-hydrogen exchanger, this results in 
an increased concentration of Na+ in the cytoplasm. Further, due to the decreased 
availability of cellular ATP, the sodium-potassium ATPase works inefficiently and this 
excess Na+ cannot be extruded. Further, the lower levels of ATP causes the ATP-
sensitive potassium channels on the sarcolemmal membrane to open, allowing K+ ions to 
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freely leave the cell. Coupled with decreased washout, this leads to an extracellular 
accumulation of K+ ions. This decreases the Nernst potential for K+, depolarizing the 
membrane and shortening the AP. Another downstream effect of the high cytosolic Na+ 
activates the sodium calcium exchanger in reverse mode. In combination with decreased 
Ca2+ reuptake into the SR and no change in its release through ryanodine channels, this 
leads to a high Ca2+ concentration (B. Y. D. G. Allen et al., 1989; H. C. Lee et al., 1988). 
Unregulated Ca2+ influx exerts a detrimental effect as it activates a multitude of 
intracellular enzymes including proteases and endonucleases important in pro-apoptotic 
signalling (Seal & Gewertz, 2005). Further, they perpetuate the generation of reactive 
oxygen species (ROS) which places the heart under oxidative stress, increase the 
likelihood that mitochondria will undergo permeability transition, and initiate pathways 
responsible for necrosis and apoptosis. Specifically, Ca2+ overload and oxidative stress 
after ischemia and reperfusion act as stimulators of apoptosis. These changes open mega 
channels in mitochondrial membranes and cause efflux of mitochondrial constituents 
such as, cytochrome c (Cyt-c). Cyt-c can act as the messenger for caspase activation and 
cell death through apoptosis. Myocardial ischemia-reperfusion makes the alteration in 
myocardial oxygen consumption and leads to generation of ROS. These products have a 
significant effect on cardiac function, including hypertrophy, ion flux and Ca2+ handling, 
EC coupling, extracellular matrix configuration, metabolism, gene expression and 
downstream signalling of several growth factors and cytokines. Altogether, ischemia 
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results in a failure to maintain ionic homeostasis and results in cellular contracture (Piper, 
Abdallah, & Schäfer, 2004; Silverman & Stern, 1994).  
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Table 2-1 Time course of main metabolic changes after myocardial ischemia 
Myocardial Ischemia  Cell death and tissue necrosis 
or myocardial infarction 
  Seconds Minutes Hours (irreversible damage) 
Reduced oxygen availability Leakage of lactate Increasing cellular oedema 
Disturbances of 
transmembrane ionic 
balance 
Leakage of adenosine, 
inosine and other 
metabolites 
Loss of mitochondrial 
respiratory control 
Reduction of mitochondrial 
activity and oxidative 
phosphorylation 
Vasodilation 
Non-specific 
electrocardiographic changes 
Reduced ATP production Increasing cellular acidosis 
Complete depletion of energy 
reserves 
Reduction of amplitude and 
duration of AP 
Increasing depletion of 
energy stores 
Metabolic disruption 
Leakage of K+, accumulation 
of Na+ and Cl- 
Cell swelling 
Loss of mitochondrial 
components 
Catecholamine release  
Development of 
mitochondrial damage 
Severe ultrastructure damage 
and membrane deterioration 
Cyclic AMP mediated 
activation of phosphorylase  
Inhibition of glycolysis 
Cellular, mitochondrial, and 
cell membrane disruption 
Stimulation of glycogenolysis Severe reduction of ATP Extensive enzyme leakage 
Accumulation of H+, CO2, and 
PO43- 
Minor ultrastructure 
changes such as 
mitochondrial swelling 
Cellular autolysis 
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Development of intracellular 
acidosis  
  
  Seconds Minutes Hours (irreversible damage) 
Reduction or blockage of 
mitochondrial electron 
transport chain 
  
Accumulation of NADH   
Note, From (Berkich, Salama, & LaNoue, 2003; Boengler, Heusch, & Schulz, 
2011; Braasch, Gudbjarnason, Puri, Ravens, & Bing, 1968; Cascio WE, Johnson TA, 
1995; Giordano, 2005; Hausenloy & Yellon, 2006; Kleber, Janse, Wilms-Schopmann, 
Wilde, & Coronel, 1986; Michiels, Arnould, & Remacle, 2000; Michiels, 2004; Yellon, 
Alkhulaifi, Browne, & Pugsley, 1992; Yellon & Opie, 2006) 
 
2.11 Electrophysiology of myocardial ischemia 
2.11.1 Tissue level changes 
Myocardial ischemia causes profound changes in the electrical behaviour of 
myocytes which manifests itself as specific changes in the ECG. The most common ECG 
sign of myocardial ischemia is flat or down-sloping ST segment depression (Belie & 
Gardin, 1980). The pathophysiological cause of ST depression is a slightly elevated 
resting potential in myocardial cells. The two basic processes which determine the ECG 
changes in myocardial ischemia are the changes in transmembrane AP and in cell-to-cell 
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electrical coupling (Li, Li, Yong, & Kilpatrick, 1998). Transmembrane AP is changed by 
a loss of membrane polarization during the diastole phase. This causes a decrease in 
amplitude and duration of AP, and a slowing of upstroke velocity (H. Fozzard, 1980; 
Nygren, Baczkó, & Giles, 2006). These changes occur within the first 10-15 minutes of 
perfusion being blocked and are thought to arise from: (i) changes in the metabolic state 
of the myocardium associated with the rapid onset of hypoxia and (ii) accumulation of K+ 
and extracellular and intra/extracellular acidosis associated with the restricted perfusion 
of the extracellular space (H. A. Fozzard & Makielski, 1985; H. Fozzard, 1980; 
Rodrı́guez, Ferrero, & Trénor, 2002; Yan & Kleber, 1992). These changes are not 
uniform across the ischemic zone since any remaining vascular flow pattern will 
influence the relative metabolic state of the tissue (Ehlert & Goldberger, 1997; Rodrı́guez 
et al., 2002).  
2.11.2 Cellular changes 
An enhanced diastolic relaxation is an early change in cardiac function observed 
after a few seconds of myocardial ischemia and is followed by a decline in contractile 
function (H. A. Fozzard & Makielski, 1985; H. Fozzard, 1980). These mechanical 
changes are the result of an accompanying decrease in APD. There are two major 
mechanisms underlying the decrease in cardiac APD during ischemia: 
(i) The accumulation of extracellular potassium (Ko) in the ischemia tissue is 
the main factor determining resting membrane potential and contributes to 
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the shortening of the cardiac APD (Dedkova et al., 2008;Rodriguez et al., 
2002). Cardiac membrane potentials decrease from the normal baseline 
values of -80 and -95 mV to between -50 and -60 mV within minutes of 
myocardial ischemia. This is accompanied by a decrease in duration and 
amplitude of the AP (Janse & Kléber, 1981; Kleber et al., 1986; Kleber, 
1984) (see Figure 2-15). 
 
 
Figure 2-15 Changes in AP morphology caused by myocardial ischemia [adapted from (J. G. 
Akar & Akar, 2007)] 
 
(ii) APD is initially maintained during hypoxia/anoxia challenges suggesting 
that the raised K+ is responsible for the initial APD changes. However, 
longer periods of hypoxia results in a dramatic decrease in APD which 
cannot be due to the accumulation of Ko
+. The opening of ATP sensitive 
K+ channels (KATP) triggered by lowered ATP concentration is thought to 
be the underlying mechanism, but it is unclear whether the small ATP 
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depletion observed co-incidentally with the shortening of the APD is 
sufficient to activate (Elliott, Smith, & Allen, 1989; Janse & Wit, 1989; 
Kleber et al., 1986).  
Other aspects of the action potential and the underlying ionic currents are altered 
during acute ischemia: 
(i) On activation by depolarization, the Na+ channel kinetically moves from a 
closed to an open state and subsequently to an inactive state. Before the 
channel can be activated again, the channel has to recover from the 
inactive state to the closed state. The rate and extent of recovery depends 
on membrane potential. In the case of ischemia when the membrane 
potential is more depolarized compared to normal, proportionately more 
Na+ channels will exist in the inactive state during the diastolic period and 
there less Na+ channels will be available for the subsequent action 
potential (Scamps & Vassort, 1994). Therefore, membrane excitability is 
reduced during ischemia, leading to reduction in maximum rate of 
depolarisation, an effect that reduces the conduction velocity of the action 
potential. 
(ii) The inward (L-type) Ca2+ current is not much affected during early 
ischemia and is not thought to contribute to the changes in APD (D. G. 
Allen & Orchard, 1983). 
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2.11.3 Changes in [Ca2+]i cycling and excitation-contraction coupling 
As discussed in previous sections, the link between electrical waves of excitation 
and mechanical contraction is mediated by [Ca2+]i cycling through a process known as 
excitation-contraction coupling (see Figure 2-4). Briefly, the L type calcium current 
triggers the larger release of Ca2+ from the SR, which is mediated by the ryanodine 
receptors. This Ca2+ binds to the contractile proteins to cause contraction. At the end of 
systole, the majority of the Ca2+ is sequestered back in the SR via the SERCA channels 
and a smaller amount, comparable to the amount of Ca2+ influx from the L type calcium 
channels, is removed from the cell by the sodium-calcium exchanger. 
Even though the L type calcium channel is not affected much by ischemia, 
cellular calcium cycling is very much affected. During ischemia, the level of intracellular 
Ca2+ increases because the rise of intracellular protons, as discussed previously,  reduces 
the ability of sodium-calcium exchanger to extrude intracellular Ca2+ to the extracellular 
space. In fact, the sodium-calcium exchanger works in reverse mode to remove protons 
from the cell, thereby increasing [Ca2+]i. Furthermore, protons are thought to compete for 
Ca2+ on the Ca2+ binding sites (predominately the contractile proteins) within the heart. 
The displacement of Ca2+ with protons contributes to the rise of free Ca2+ concentration 
when the intracellular conditions become acidic. Finally, acidic conditions reduce the rate 
of SR uptake via the SERCA (Chou et al., 2007; Corretti et al., 1991; Samie et al., 2000; 
Xia, Roman, Masters, & Zweier, 1998). The sum of these effects result in contractile 
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failure and may contribute to the occurrence of early after-depolarisation (EAD) and 
delayed after-depolarisation (DAD) (Burashnikov & Antzelevitch, 1998; Coronel, 
Wilms-Schopman, & deGroot, 2002; I R Efimov, Huang, Rendt, & Salama, 1994; Ehlert 
& Goldberger, 1997; Gough, Mehra, Restivo, Zeiler, & el-Sherif, 1985). 
2.12 Mitochondria and its role in ischemia 
As mentioned, in the previous section, ischemic insult initiates a cascade of events which 
ultimately end with necrosis and apoptosis at the cellular level which contributes to 
formation of life threatening arrhythmias and sudden cardiac death (see Figure 2-16). 
Central to this cascade is the mitochondria, which play an important role in generating 
cellular energy in the form of adenosine triphosphate (ATP). One of the main 
consequences of ischemia is the disruption of ATP production due to mitochondrial 
dysfunction caused by depolarization of mitochondrial membrane. It is now believed that 
the disruption in mitochondrial function that occurs during ischemia might be the most 
important factor influencing key electrophysiological and calcium cycling properties 
changes in cardiomyocytes during ischemia.  
Mitochondria play an important role in regulating the life and death of cells. In 
normal conditions, mitochondria provide the cell with energy via oxidative 
phosphorylation and generate Reactive Oxygen Species (ROS). ROS are inherently 
unstable and reactive molecules, but play a very important role as cell signalling 
molecules (O’Rourke, 2007).  Under normal physiologic conditions, cells control ROS 
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levels by balancing the generation of ROS with their elimination by scavenging systems. 
But during pathophysiological conditions such ischemia, mitochondria can quickly turn 
into death-promoting organelles in response to stress by disrupting ATP, releasing pro-
death proteins, and increasing ROS production. If ROS production exceeds the ability of 
myocytes and other cell types to detoxify, it results in oxidative stress. Oxidative stress, 
mediated by ROS pathways, serves a root cause and a consequence of mitochondrial 
dysfunction in response to a cardiovascular insult such as ischemia, which ultimately 
culminate in myocardial infarction, heart failure and arrhythmias (F. Akar, 2013). Since 
cardiomyocytes have a high energy requirement, they have an abundance of mitochondria 
and are particularly vulnerable to conditions such as ischemia which promotes 
mitochondrial dysfunction. 
2.12.1 Mitochondrial membrane potential as a key metric of mitochondrial function 
In normal aerobic conditions, myocardial ATP production occurs in the 
mitochondria through oxidative phosphorylation. NADH and FADH2, which are formed 
during glycolysis and the tricarboxylic acid cycle, transfer their electrons to oxygen 
through the electron transport chain (Aon et al., 2009; Korge, Honda, & Weiss, 2003). 
This transfer sets up the chemiosmotic gradient that drives ATP synthesis through the 
F1F0-ATP synthase at the inner membrane of the mitochondria. Thus, the supply of 
energy by the mitochondrion depends on the maintenance of the chemiosmotic gradient 
across its inner membrane (P Mitchell, 1979). The main component of this chemiosmotic 
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gradient, also known as the proton motive force, is the mitochondrial membrane potential 
(ΔΨm). Under normal conditions, the mitochondrial membrane is polarized with ΔΨm 
being highly negative, approximately -180mV, which is conducive for movement of 
protons across the inner mitochondrial membrane. In normal cells, the maintenance of 
ΔΨm is absolutely essential for ATP synthesis. Under normoxic conditions, the 
mitochondria remain polarized and ΔΨm is tightly regulated such that the production of 
ATP is maintained within a physiological range that matches energy production to 
demand (O’Rourke, 2007). This limits ROS generation and oxidative stress. Hence, ΔΨm 
is considered a key metric of mitochondrial function and a fall in ΔΨm is considered a sign 
of mitochondrial dysfunction.  
2.12.2 Mitochondrial dysfunction through uncoupling/depolarization during 
ischemia 
In normal aerobic conditions, myocardial ATP production occurs in the 
mitochondria through oxidative phosphorylation. However, during ischemia, electron 
transport and the ejection of protons in the mitochondrial is ceased (Baines, 2009). This is 
because, in anaerobic conditions, the ability of mitochondria to support ΔΨm gradually 
decreases. As a result, the electrochemical gradient necessary for ATP synthesis is 
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insufficient to keep up with the energy demands of the cell. On top of that, during 
ischemia, the ATP-synthase reverses direction to facilitate the maintenance of the proton-
motive force by ATP hydrolysis. Therefore, as ΔΨm decreases, the mitochondria places 
the highest priority on the maintenance of ΔΨm even at the expense of consuming rather 
than producing ATP. Once ATP is depleted, ΔΨm can no longer be maintained and this 
results in less negative values of the mitochondrial membrane potential. A small fall in 
ΔΨm leads to the uncoupling of the mitochondrial network, and greater fall results in 
complete depolarization.  
Mitochondrial depolarization can occur in multiple stages starting with mild 
uncoupling of the mitochondrial network (Starkov, 1997) caused by a detectable change 
in oxygen consumption. At this stage there is a change in proton permeability of the inner 
mitochondrial membrane. This is followed by mitochondrial oxidation leading to 
oxidative stress (Brennan, Berry, Baghai, Duchen, & Shattock, 2006), and finally leading 
to complete mitochondrial depolarization resulting in opening of various pathways 
responsible for  cell death by necrosis and apoptosis. 
It is not, therefore, surprising that a lot of recent studies have looked at 
quantifying mitochondrial dysfunction, through measurement of ΔΨm, in order to 
elucidate the role of mitochondria in ischemia. For instance, Lyon et al. (Lyon et al., 
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2010) used a semi quantitative approach of optical ΔΨm imaging in ex vivo hearts. The 
authors showed that, on average, ΔΨm was depolarized by 60% in response to global no-
flow ischemia. Further, they showed that well defined regions of polarised and 
depolarized zones developed in, as little as, 1 min and that these changes in ΔΨm were 
both temporally and spatially heterogeneous.  
2.12.3 Study of mitochondrial dysfunction using pharmacologic agents 
There have also been attempts to study the effects of mitochondria without the 
confounding effects of ischemia by directing using pharmacological agents. For instance, 
Carbonyl cyanide p-(tri-fluoromethoxy)phenyl-hydrazone (FCCP) is a potent 
mitochondrial uncoupler which has been used to study mitochondria and mitochondrial 
function in a variety of studies (Brennan, Berry, et al., 2006; Brennan, Southworth, et al., 
2006; Inho et al., 2002; Zablockaite, Gendviliene, Martisiene, & Jurevicius, 2007). It acts 
by collapsing the proton gradient (Peter Mitchell, Moyle, & Pl, 1979; Peter Mitchell, 
1980) across the inner mitochondrial membrane, reducing the drive for ATP synthesis 
(Gunter, Gunter, Sheu, & Gavin, 1994; Slater, 1977; Ting, Wilson, & Chance, 1970; 
Wilson & Chance, 1966) and it has been demonstrated that –CCP uncouplers have a 
high-affinity binding site in rat heart mitochondria (Katre & Wilson, 1977). It has been 
suggested that by using low concentrations of FCCP it may be possible to bypass opening 
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of the mitoKATP channels but induce a similar mild uncoupling of the mitochondria as is 
suggested to happen in ischemia. 
Different effects of FCCP on the mitochondrial network have been reported 
depending on the concentrations used. For instance, small concentrations of FCCP 
(<30nM) lead to mitochondrial uncoupling caused by a detectable change in oxygen 
consumption within 5 mins of FCCP treatment. It has been shown that treatment with 
FCCP at concentrations as low as 10nM leads to uncoupling of the mitochondria 
(Brennan, Berry, et al., 2006) in isolated myocytes. On the other hand, FCCP at 
concentrations 30 - 100nM has been shown to confer cardioprotection in the single cells 
while causing mitochondrial oxidation (Brennan, Berry, et al., 2006).  However, similar 
concentrations of FCCP when used in the whole heart was shown to lead to ventricular 
arrhythmias due to development of interventricular heterogeneity (R. M. Smith, 
Velamakanni, & Tolkacheva, 2012). Larger concentrations of FCCP (>300 nM) was 
shown to cause mitochondrial depolarization (Brennan, Berry, et al., 2006). The 
pharmacological approach is useful because one can directly elucidate the effects of 
mitochondria without the confounding effects of ischemia.  
2.12.4 Mitochondrial dysfunction and [Ca2+]i cycling  
In addition to playing a key role in modulating the key electrophysiological 
properties of myocytes, the mitochondria play an important role in the cell’s [Ca2+]i 
cycling. Mitochondria also take up calcium and are functionally tightly integrated into the 
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mechanism of cellular calcium signaling. The mitochondria are capable of storing large 
amounts of calcium. It has been suggested that the major consequence of the Ca2+ uptake 
in terms of mitochondrial function is the up-regulation of energy metabolism (Duchen, 
1999). This makes sense since oxidative phosphorylation is modulated in relation to the 
energy demand; and increased energy demand is almost always accompanied by a rise in 
[Ca2+]i, e.g. for contraction.  
Under physiological conditions, the calcium content in mitochondria is on the 
order of 100 μM, which is an extremely high concentration (Bers, 2002). Under normal 
conditions, mitochondria do not significantly absorb Ca2+ until cytoplasmic calcium 
concentration exceeds 1 μM (Fry, Powell, Twist, & Ward, 1984). Thus, under normal 
condition, mitochondria Ca2+ uptake merely has a minor effect on calcium handling in the 
cell. However, under conditions of [Ca2+]i overload, the mitochondria acts as a buffer to 
maintain normal levels of Ca2+ in the cytoplasm by taking in the excess Ca2+.  The 
driving force for the uptake of Ca2+ into the mitochondria is provided by ΔΨm. Further, it 
is thought that Ca2+ signal in the mitochondria stimulates ATP production in response to 
an increased energy demand by the cell (Hansford & Zorov, 1998).  
Impairment of mitochondrial function due to mitochondrial depolarization 
damages ability of the cell to cope with [Ca2+]i overload. [Ca
2+]i overload is one cofactor 
in the opening of the mitochondrial transition pore (PTP) (Crompton, 1999; Fabio Di Lisa 
& Bernardi, 2005; Duchen, 1999). PTP is a large, non-selective, ion channel responsible 
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for irreversible ΔΨm under high oxidative stress condition. These ion channels have been 
described on the mitochondrial inner membrane, and have been shown to be responsible 
for fast mitochondrial depolarization (Aon et al., 2009). As mentioned before, the loss of 
ΔΨm and the subsequent depolarization of the mitochondria is among the leading factors 
causing a rapid impairment of mitochondrial and cellular function that may result into 
necrotic or apoptotic cell death (Aon, Cortassa, Maack, & O’Rourke, 2007; Gustafsson & 
Gottlieb, 2008; Slodzinski, Aon, & O’Rourke, 2008).  
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Figure 2-16 Sequence of events following myocardial ischemia and anoxia in cardiomyocytes 
resulting in depolarization of the mitochondria [adapted from (Skárka & Ostádal, 2002)] 
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2.13 Role of Mitochondria in alternans formation and arrhythmogenesis 
 Mitochondrial dysfunction is a hallmark of cardiovascular disorders such as 
ischemia. Although ischemia has other pathophysiological components such as acidosis 
and increase in extracellular K+ ions,  it is being increasing thought that the increased 
incidences of alternans and arrhythmogenic substrate that exists during ischemia is 
directly linked with mitochondrial dysfunction (F. Akar, 2013). Mitochondrial function 
can theoretically influence the development of alternans in different ways. Many of these 
effects are influenced by the sarcolemmal KATP channels which is activated during 
ischemia to protect the viability of ischemic tissue by limiting [Ca2+]i cycling and force 
generation during periods of anoxia and reduced ATP availability.  However, increased 
potassium conduction through these channels may predispose the tissue to electrical 
dysfunction and arrhythmias.  However, the exact mechanism of alternans formation in 
ischemia, as well as, the role of mitochondria in alternans formation remain unknown.   
One pathway of action is thought to be the due to the changes in various in 
sarcolemmal ion channels detailed in section 2.11.2 affecting the AP morphology and cell 
membrane inexcitability. Opening of KATP channels during ischemia causes rapid AP 
shortening, loss of intracellular potassium and reduction in excitability. Further, the 
opening of these channels might induce heterogeneous sinks which slow or block 
conduction. All these changes have been linked to development of arrhythmogenic 
substrate and, in particular, alternans.  
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Several studies have looked into the relationship between mitochondrial 
dysfunction and alternans (Aon et al., 2009; Aon, Cortassa, Akar, & O’Rourke, 2006; 
Aon, Cortassa, Marbán, & O’Rourke, 2003). This relationship seems to be mediated by 
the ROS pathway. Aon et al. showed that once a threshold level of ROS was exceeded 
across a critical mass of mitochondrial network, sustained oscillations of ΔΨm were 
initiated. It was also shown that these mitochondrial oscillations resulted in the cyclical 
oscillations of the cellular action potential through periodic activation of the sarcolemmal 
KATP channels (Aon et al., 2009, 2006). Further, during episodes of ΔΨm collapse, the 
membrane voltage also dropped to an inexcitable state (Aon et al., 2003). Thus, it was 
revealed that the cyclical oscillations of the AP and ΔΨm were in phase with each other, 
providing compelling evidence of a mechanistic link between mitochondrial instability 
and cellular electrical dysfunction.   
The mitochondria may also play a central role in the formation of [Ca2+]i 
alternans, which might be the primary driving force of repolarization and T-wave 
alternans in the heart. Remember, the mitochondrial dysfunction has a huge effect on 
[Ca2+]i cycling as mentioned in section 2.11.3. There is strong evidence that [Ca
2+]i 
alternans is linked to Ca2+ homeostasis and impaired [Ca2+] handling (Blatter et al., 2003). 
It has been suggested that both of these factors depend on the availability of ATP to fuel 
the Ca2+ pumps as well as the organelles that are capable of storing Ca2+ (Blatter et al., 
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2003; Sipido, 2004). In this regard, the mitochondria may play a central role in the 
formation of [Ca2+]i alternans since they are responsible for ATP production, which 
facilitate Ca2+ pumps, and are able to store significant amounts of Ca2+ through various 
mitochondrial Ca2+ channels that are driven by the electrochemical proton gradient across 
the inner mitochondrial membrane (Buntinas, Gunter, Sparagna, & Gunter, 2001; Gunter 
et al., 1994; Sipido, 2004). The amount of mitochondrial Ca2+ is responsible for the 
initiation of cell death pathways (Crompton, 1999) and activation of enzymes in the 
tricarboxylic acid cycle (containing four Ca2+-dependent mitochondrial dehydrogenases), 
which is coupled to ATP synthesis through the electron transport chain. Activation of 
these dehydrogenases accelerates NADH production, promoting the generation of the 
electrochemical proton gradient that provides the driving force for maintaining ATP 
production through the F1F0-ATPase. Hence, Ca
2+ homeostasis and mitochondrial energy 
production are intimately interconnected, and therefore, uncoupling or depolarizing the 
mitochondria might affect Ca2+ homeostasis and thus alternans formation in the heart. 
Recently, it has been shown in cat atrial myocytes that depolarizing the mitochondria, 
using FCCP led to the formation of [Ca2+]i alternans (Florea & Blatter, 2010).  
 In spite of the abundance of evidence linking mitochondria to alternans formation, 
the effect of mitochondrial dysfunction through either uncoupling/depolarization of the 
mitochondria on the formation of APD and [Ca2+]i alternans in the whole heart has not 
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been investigated.  The exact mechanism of alternans formation in ischemia, as well as, 
the role of mitochondria in alternans formation remain unknown.   
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3 Techniques 
3.1 Optical mapping 
3.1.1 General Principles 
Early research investigating membrane potential changes in multicellular 
preparations came from potentials measures by impaling cells with glass pipette 
microelectrodes. However, the efficacy of this method in most cases was limited by the 
difficulties in maintaining the electrode tip in the intracellular space and the damage 
caused to the cells. Further, this technique is not applicable to small cells and subcellular 
organelles, nor are they practical in situations in which simultaneous monitoring or 
recording of potentials from multiple sites are required. In order to overcome these 
limitations, new techniques such as optical mapping was developed in the late 1960s. 
Optical mapping is an imaging technique which allows for a simultaneous recording of 
electrical properties from a number of sites on the myocardial surface, unlike a 
microelectrode recording which measure the action potential from a single site. An 
optical mapping system consist of five main components (David S Rosenbaum & Jalife, 
2001; Guy Salama & Choi, 2001) (see Figure 3-1):  
(i) Tissue stained with voltage-sensitive fluorescence dye such as RH-237, 
Di-4-ANNEPS or Di-8-ANNEPS. 
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(ii) A light source (such as tungsten-halogen lamps or lasers) focussed on the 
heart to excite the dye, 
(iii) A photo detector (photodiode arrays or CCD cameras) to collected the 
fluoresced light from the heart, 
(iv) A system of optics to illuminate the tissue, filter the emitted light and 
focus the image onto the photo detector, and  
(v)  Acquisition system to collect, display and store signals from the photo 
detection system.  
 
 
Figure 3-1 Schematic of an optical mapping setup to record membrane voltage from multiple 
epicardial sites [adapted from (Arora, Das, Zipes, & Wu, 2003)] 
 
 67 
 
This technique is based on recording fluorescence that results from the membrane 
binding with the dye. Membrane bound dye is excited by short wavelength light and 
emitted at longer wavelengths. The characteristic of the fluorescence varies with 
membrane potentials. One mechanism that explains dye response to membrane potential 
is electrochromism as shown in Figure 3-2.  
 
 
Figure 3-2 Electrochromic mechanism for dye response to membrane potential. Molecule 
shown in top left is the dye, Di-4-ANEPPS [adapted from (David S Rosenbaum & Jalife, 2001)].  
Electrochromic dyes exhibit a change in their structure in response to a change in 
the electric field. The membrane electrical field can change the spectrum of the dye 
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without involvement of any molecular motion. The chromophore portion of the dye 
molecule undergoes a charge shift upon excitation by a light source. In a polarized 
membrane, the electrical field coupling with the chromophore –charge decreases the 
energy difference between the ground and excited states of the delocalized electrons. This 
results in a shift of both excitation and emission spectra. Membrane depolarization results 
in a relative decrease of the fluorescence at the longer wavelengths. When the membrane 
repolarizes, the spectrum returns to what it was previously, resulting in increase of 
fluorescence to the previous level.  
The source of the optical APs originates from dye molecules bound to cell 
membrane from within a specific tissue area and depth. Thus, the optical AP signal arises 
from a small volume of cells that depend on optical magnification. Thus, an optical AP 
represents a multicellular spatial average of transmembrane voltage from cells within a 
volume of tissue. It then follows that, at low levels of magnification, more cells 
contribute to the optical AP. Optical methods of cardiac electrophysiology have been 
developed over a couple of decades by many groups (I R Efimov et al., 1994; S. Knisley 
& Neuman, 2003; Nygren et al., 2006; Guy Salama & Choi, 2001). Originally optical 
signals were thought to be limited to the epicardial surface, but investigations have 
revealed that a small component of the optical signal is derived from tissue below the 
epicardial surface. However, the contribution from the deeper layers are small since the 
excitation light has to penetrate into cardiac tissue and then the fluoresced light 
 69 
 
originating from the deeper layers must exit the surface of the heart. It was shown that 
approximately 95% of the signal detected from the surface originates from a depth of less 
than 500 µm, with the majority of coming from the first 100 µm (see Figure 
3-3)(Girouard, Laurita, & Rosenbaum, 1996; S. B. Knisley, 1995).  
 
 
Figure 3-3 Contributions of different depths in an optical mapping signal [from (Girouard et 
al., 1996)] 
 
3.1.2 Motion artifact and uncouplers 
One limitation of optical mapping of the heart is imaging artifact caused by 
cardiac contraction. Motion artifacts obscure the optical recordings of voltage or calcium 
transients and thus prevent accurate measurement of parameter dynamics. Mechanical, 
and pharmacological methods have been developed to overcome this limitation (Igor R 
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Efimov, Nikolski, & Salama, 2004). Earlier methods to eliminate the artifact included 
mechanical stabilization. Mechanical stabilization involved forcibly restricting the 
movement inside the chamber by pressing down on the heart. Mechanical restriction of 
heart motion without physiological implication reportedly works for small rodent hearts 
(I R Efimov et al., 1994). However, the heart is well-known to be sensitive to mechanical 
distortion (Kohl & Noble, 2008), thus limiting the utility of this approach. Compressing 
the surface of the heart can result in ischemia and so may alter the physiological state of 
the heart.  
The other method to remove motion artifact is to use electromechanical 
uncouplers. These are usually pharmacologic agents that uncouple the cardiac excitation 
from the mechanical contraction by affecting different conduits in excitation-contraction 
coupling. These include 2,3-butanedione monoxime (BDM) which is a non-competitive 
inhibitor of muscle myosin II (Jalife, Morley, Tallini, & Vaidya, 1998), and Cyto-D 
which impairs actin filament polymerization (Biermann et al., 1998). However, both 
BDM and Cyto-D have been shown to be far from ideal because of their additional 
effects on [Ca2+]i handling, ion channel kinetics and AP characteristics (Cheng, Li, 
Nikolski, Wallick, & Efimov, 2004; Kettlewell, Walker, Cobbe, Burton, & Smith, 2004; 
Liu et al., 1993). Blebbistatin is the most recently discovered electromechanical 
uncoupler which is a highly specific myosin II ATPase inhibitor. The high specificity 
makes it particularly promising for broad range of research application such as optical 
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mapping of membrane potentials. Blebbistatin has minimal effects of [Ca2+]i handling, 
ion channel kinetics and AP characteristics and have been the agent of choice in wide 
variety of studies since it has been discovered (Farman et al., 2008; Fedorov et al., 2007).  
3.1.3 Voltage sensitive dyes 
Ideally, the dye should be non-toxic, have high sensitivity, minimal photo bleaching and 
no additional pharmacological or photodynamic effects on the heart. As mentioned in the 
section 3.1.1, voltage sensitive dye transduces changes in membrane potential into 
spectral shifts. The concept of how this happens is illustrated in Figure 3-4. 
Depolarization of membrane voltage shifts the fluorescence emission spectra to the right. 
From their resting potential of about -80 mV, cells depolarize to less negative potentials. 
Due to the shifting of the spectrum, the amount of light that hits the photo detector 
(represented by the shaded area) changes leading to difference in intensity at different 
voltages.  
While choosing the dye, its excitation and emission wavelength should be considered 
mainly in relation to illumination. The most common voltage sensitive dyes used in 
optical mapping studies are: RH-237, Di-4-ANEPPS, and Di-8-ANEPPS; the 
characteristics and spectra of which are shown in Error! Reference source not found.. 
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Figure 3-4 Principles of voltage sensitive fluorescence [from (David S Rosenbaum & Jalife, 
2001)] 
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Table 3-1 Spectra of different voltage sensitive dyes 
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3.1.4 Calcium sensitive dyes 
Two types of calcium sensitive dyes are available to record [Ca2+]i transients in 
the whole heart including dual wavelength ratiometric dyes and single wavelength non-
ratiometric dyes (Attin & Clusin, 2009; Rudolf, Mongillo, Rizzuto, & Pozzan, 2003) (see 
Figure 3-5).  Ratiometric dyes, such as fure-2 and indo-1, show a shift in their emission 
or excitation spectra when they bind to calcium and, therefore, classified as dual emission 
or excitation indicators. Therefore, the concentration is measured as the ratio between 
two fluorescence intensity values that are taken at two wavelengths (Rudolf et al., 2003). 
For instance, the ratiometric measurement for Indo-1 is obtained by taking the ratio 
between the fluorescence intensity values corresponding to two emission wavelengths: 
calcium-bound and calcium-free conditions (Lichtman & Conchello, 2005; Rudolf et al., 
2003). The emission wavelength of the fluorescence maximum shifts rather than just 
increasing in intensity when Indo-1 binds with calcium, whereas the excitation spectra 
remain unchanged (Rudolf et al., 2003). This measures [Ca2+]i and is independent of dye 
concentration, bleaching, optical path length, illumination intensity, etc. Despite these 
advantages, the use of ratiometric calcium indicators is limited since that acquisition and 
data manipulation are very complex, since multiple excitation/emission ranges are in 
play; further, many ratiometric indicators requires the use of UV excitation.  
With non-ratiometric dyes, the [Ca2+]i concentration is determined solely by a 
relative increase in the fluorescence intensity of non-ratiometric dyes, on binding with 
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calcium (Rudolf et al., 2003). An example of a non-ratiometric dye is Rhod-2AM, which 
is gained popularity and has been used in a variety of studies to assess [Ca2+]i transients 
(Choi & Salama, 2000b; E J Pruvot, Katra, Rosenbaum, & Laurita, 2004). Rhod-2AM is 
excited at 520 nm with peak emission at 585 nm. Loading of dye can be performed in less 
than 10 mins and it generally washed out within 15-30 mins of delivery (Hwang et al., 
2006). Studies have shown a transient decrease in heart rate and perfusion pressure when 
staining with Rhod-2AM; however, the hearts fully recover within 5 mins. It has also 
been noted that Rhod-2AM may accumulate in organelles that are capable of storing Ca2+ 
(G Salama & Hwang, 2009), such as the mitochondria; however other studies using 
manganese quenching has determined that Rhod-2AM loading in subcellular 
compartments, including mitochondria is minimal (Del Nido, Glynn, Buenaventura, 
Salama, & Koretsky, 1998). The use of Rhod-2AM is very popular in optical mapping 
studies since the single excitation allows for simpler instrumentation or simultaneous 
observation of other parameters (Rudolf et al., 2003). In addition, it has been shown that 
Rhod-2AM staining provides stable recording of calcium and excellent SNR for more 
than 2 hours (Attin & Clusin, 2009; Choi & Salama, 2000b).  
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Figure 3-5 Difference between ratiometric (left) and non-ratiometric dyes (right). The spectrum 
of ratiometric the spectrum shifts when bound to calcium; while fluorescence intensity changes 
proportional to calcium with non-ratiometric dyes [from (Rudolf et al., 2003)].  
 
3.1.5 Simultaneous voltage-[Ca2+]i optical mapping 
Since my thesis focussed on investigating the primary cause of repolarization 
alternans in the whole heart, basic voltage sensitive optical mapping was simply not 
enough. This was because, in order for [Ca2+]i alternans to be considered the cause of 
accompanying APD alternans, or vice versa,  it is necessary to show that, for a given cell 
within the intact heart, the two phenomena are inexorably linked. Thus, it was not enough 
to separately measure voltage and [Ca2+]i responses in different hearts and simply 
compare the pacing rate at which each alternans was seen. Both membrane voltage and 
[Ca2+]i responses needed to measured simultaneously at each region in the heart, thereby 
allowing for the two parameters to be matched both spatially and temporally. Therefore, I 
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had to make substantial changes to our existing optical mapping setup in order to record 
calcium responses simultaneously with the electrical activity. Simultaneous dual voltage-
[Ca2+]i optical mapping from multiple sites from the heart is a particularly powerful 
technique to measure the time course of membrane potential and cytosolic Ca2+ transients 
under physiological and pathological conditions (G Salama & Hwang, 2009). This 
technique has played an important role in elucidating arrhythmia mechanisms in models 
of heart failure (London et al., 2003), long QT syndrome (Choi, Burton, & Salama, 
2002), and ischemia-reperfusion (Lakireddy et al., 2005).  
In order to measure the two parameters simultaneously, the optical mapping 
system needs to have two separate optical paths in the same physical region (G Salama & 
Hwang, 2009). However, this needs to be done without the use of mechanical moving 
parts to change filters, in order to avoid any temporal delays between recordings of two 
parameters. This is done using appropriate mirrors and filters in each optical path to 
acquire images in synchrony. Simultaneous optical mapping system also needs to have 
two separate fluorescent probes that are sensitive to [Ca2+]i and membrane voltage. These 
probes must be selected carefully selected based on their specificity to [Ca2+]i and 
membrane voltage, their homogeneity in staining, etc. Most importantly though, the 
probes should be chosen based on their excitation and emission spectra. Ideally, the dyes 
should be excited by same excitation wavelength, while emitting fluorescence at different 
wavelength so that there is minimal risk of cross talk between them (G Salama & Hwang, 
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2009). A schematic of our Simultaneous voltage-[Ca2+]i optical mapping system along 
with representative optical map is shown in Figure 3-6.  
 
Figure 3-6 Schematic of simultaneous voltage-[Ca2+]i optical mapping (top) and representative 
example of acquired optical map (bottom). [adapted from (Himel, Savarese, & El-Sherif, 2011)] 
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3.1.6 Choice of probes in simultaneous voltage-[Ca2+]i optical mapping 
Simultaneous voltage-[Ca2+]i optical mapping requires that the heart be uniformly 
labelled with two fluorescent dyes or probes: one to measure membrane voltage and the 
other measure in [Ca2+]i. The dyes must be selected carefully so as to avoid cross-talk 
between the two measurements. For this to happen, the two dyes must have different 
excitation wavelength and same emission wavelength, or they must have a same 
excitation wavelengths but different emission spectra. With the first option, the system 
needs to have the capability to rapidly switch excitation wavelength to expose the heart to 
a light source that will stimulate each dye alternatively, while recording the images 
intermittently (G Salama & Hwang, 2009). The advantage of this method is that it 
requires only one camera. However, the system itself is much more complex and is 
severely limited in response characteristics arising from switching the light source, 
camera response, or both.  
In the second option with same excitation wavelength, the heart is continuously 
illuminated with a single light source to excite both dyes. The emitted fluorescence is 
then transmitted onto a dichroic mirror positioned at 45˚ degrees relative to the heart. A 
dichroic mirror has the property to transmit light above a certain cut-off wavelength 
while reflecting anything below. By choosing a mirror with a suitable cut-off, it is 
possible to split and refocus the emitted light to two different cameras (G Salama & 
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Hwang, 2009). Due to the lack of moving parts in this type of setup, the time response 
characteristics are significantly improved and thus, the advantages are substantial.  
Four combinations of voltage and calcium sensitive dyes have been used thus far 
in Langendorff perfused hearts: RH-237 and Rhod-2AM (Choi & Salama, 2000b), Di-4-
ANEPPS and Indo-1AM (Laurita & Singal, 2001), Pittsburgh 1 and Rhod-2AM (G 
Salama et al., 2005), RH-237 and genetically encoded Ca2+ sensor (GCaMP2) (Tallini et 
al., 2006).  
Out of these options, the combination of Rhod-2AM and Rh-237 has proved to be 
the most popular among researchers (Choi & Salama, 2000b; London et al., 2003; 
Etienne J Pruvot et al., 2004). Both dyes have a narrow excitation spectrum that peaks 
around 540 nm, but have different emission wavelengths at 585 nm (Rhod-2AM) and 650 
nm (RH-237) (Choi & Salama, 2000b). Figure 3-7 shows the emission spectra of the two 
dyes measured from a stained guinea pig heart. This combination has been shown to be 
particularly effective at measuring [Ca2+]i signals at 585 nm, with no interference from 
RH-237 fluorescence (G Salama & Hwang, 2009). However, Rhod-2AM has also shown 
to have a long tail in the red range, which can interfere with voltage measurements. 
Therefore it is advisable to block Rhod-2AM fluorescence well past 650 nm to avoid 
injecting the [Ca2+]i signals into the voltage signals.  
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Figure 3-7 Emission spectra of Rhod-2AM and RH-237 in a guinea pig heart [adapted from 
(Choi & Salama, 2000b)] 
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4 Scope of my thesis 
In the following chapter of this thesis, my attempts have been focused on 
investigating the local development of [Ca2+]i and APD alternans, and to determine the 
role of the mitochondria, through its uncoupling, on APD and [Ca2+]i alternans formation 
in the isolated Langendorff-perfused rabbit heart using optical mapping.  
In chapter 5, the main objective was to investigate the local development of 
[Ca2+]i and APD alternans in the isolated rabbit heart using simultaneous recording of 
both transmembrane voltage and [Ca2+]i. Although previous literature defines [Ca
2+]i 
alternans as the beat-to-beat variation in the amplitude of the [Ca2+]i transients, (Y. W. 
Qian et al., 2001; Wu & Clusin, 1997), occurrence of alternans of the [Ca2+]i transient 
duration in addition to [Ca2+]i amplitude alternans was investigated, since it has received 
limited attention so far. Specifically, the spatio-temporal evolution of local onset of both 
[Ca2+]i transient amplitude (CaA) and duration (CaD) alternans in relation to APD 
alternans was studied. In addition the experiments performed aimed to determine whether 
the restitution portrait, which has been used previously to predict the onset of APD 
alternans, could also be applied to predict the onset of [Ca2+]i alternans.  
In chapter 6, the main aim was to determine the role of the mitochondria, through 
its uncoupling, on APD and [Ca2+]i alternans formation in the isolated Langendorff-
perfused rabbit heart.  In addition, the changes in various electrophysiological properties 
induced by the mitochondria uncoupling and global ischemia was investigated.  
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Chapter 7 summarizes the work completed as part of this thesis and details its 
contribution to the field. Further, it provides recommendations for future work.  
In addition, publications arising from further work performed during the course of 
this PhD are catalogued in the appendix. In appendix A1, the main objective of the study 
was to detect and evaluate the changes in electrophysiological properties in surgically 
denervated rats. Appendix A2 is a book chapter which summarizes the spatio-temporal 
evolution [Ca2+]i and APD alternans in the isolated rabbit heart. It comprises more 
detailed information on the evolution and prediction of APD alternans, not included in 
chapter 5.  
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5 Prediction of alternans in the whole heart 
5.1 Preface 
The work presented in this thesis chapter is original and my own except where 
otherwise acknowledged. None of the work presented here has been submitted for the 
fulfilment of any other degree. The results presented in this chapter was submitted to and 
accepted by the Journal of Cardiovascular electrophysiology. Changes to the optical 
mapping system to perform simultaneous voltage-calcium optical mapping were 
performed by Ramjay Visweswaran. Experimental concept and design was conceived 
jointly by Dr. Alena Talkachova and Ramjay Visweswaran. Ramjay Visweswaran 
acquired the data and wrote the manuscript. Data analysis was performed by Ramjay 
Visweswaran and assisted by Stephen McIntyre and Kartik Ramkrishnan. All authors 
discussed the results and implications and commented on the manuscript at all stages.  
Publications arising from this work: 
Visweswaran, R., McIntyre, S. D., Ramakrishnan, K., Zhao, X., & Tolkacheva, E. G. 
(2013). Spatiotemporal Evolution and Prediction of [Ca2+]i and APD Alternans in 
Isolated Rabbit Hearts. Journal of Cardiovascular Electrophysiology, 24(11), 1287–
1295. doi:10.1111/jce.12200 
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5.2 Introduction  
 The main objective in this chapter was to investigate the local development of 
[Ca2+]i and APD alternans in the isolated rabbit heart using simultaneous recording of 
both transmembrane voltage and [Ca2+]i. Although previous literature defines [Ca
2+]i 
alternans as the beat-to-beat variation in the amplitude of the [Ca2+]i transients, (Y. W. 
Qian et al., 2001; Wu & Clusin, 1997), the occurrence of alternans of the [Ca2+]i transient 
duration, in addition to [Ca2+]i amplitude alternans, was investigated since it has received 
limited attention so far. Specifically, we aimed to study the spatio-temporal evolution of 
local onset of both [Ca2+]i transient amplitude (CaA) and duration (CaD) alternans in 
relation to APD alternans. In addition we aimed to determine whether the restitution 
portrait, which has been used previously to predict the onset of APD alternans, could also 
be applied to predict the onset of [Ca2+]i alternans.  
5.3 Materials and Methods  
5.3.1 Simultaneous optical mapping of whole hearts 
All experiments were performed according to the guidelines of the National 
Institutes of Health and was approved by the Institutional Animal Care and Use 
Committee at the University of Minnesota. New Zealand White rabbits (Bakkom 
Rabbitry, 1.3–2.0 kg, n = 8) were injected with heparin sulfate (550 U/100 g) and 
anesthetized with ketamine and xylazine (35 mg/kg and 5 mg/kg, respectively). After a 
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thoracotomy was performed, the heart was quickly removed and immersed in 
cardioplegic solution (in mM: glucose 280, KCl 13.44, NaHCO3 12.6, mannitol 34) 
(Baxter, Mironov, Zaitsev, Jalife, & Pertsov, 2001). The aorta was quickly cannulated 
and retrogradely perfused with warm (37±1°C) oxygenated Tyrode's solution (in mM: 
NaCl 130, CaCl2 1.8, KCl 4, MgCl2 1.0, NaH2PO4 1.2, NaHCO3 24, glucose 5.5, pH 7.4) 
(X. Xie et al., 2011) under constant pressure. The heart was immersed in a chamber and 
superfused with the same Tyrode's solution. Blebbistatin (10 μM) was added to the 
Tyrode's solution to reduce motion artifacts (Fedorov et al., 2007). Volume conducted 
ECG was monitored throughout the experiment.  
A bolus of 4 mL of the voltage-sensitive dye RH-237 (10 μM) and 0.4 mL (G 
Salama & Hwang, 2009) of the calcium sensitive dye Rhod-2AM (1 mM) was injected 
and excited with the use of a diode-pumped, continuous-excitation green laser (532 nm, 1 
W; Shanghai Dream Lasers Technology, Shanghai, China). The two signals were 
separated using a dichroic mirror and filtered with a 720 nm long pass and 585±20 nm 
band-pass filter, respectively. Two synchronized 12-bit CCD cameras (DALSA, 
Waterloo, Canada) were used to record the optical signals from the epicardial surface of 
the right ventricle (RV). The cameras were precisely aligned using a grid pattern so that 
the voltage and [Ca2+]i signals came from the same pixels in the isolated heart.  
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5.3.2 Pacing protocol 
External stimuli (5 ms duration, twice the threshold) were applied to the base of 
the RV surface of the heart by means of the perturbed downsweep pacing protocol (Cram 
et al., 2011; E G Tolkacheva et al., 2006), which consisted of the following steps at each 
basic cycle length (BCL): 
1. One hundred stimuli were applied at BCL B to achieve steady state (SS). 
2. One additional stimulus (long perturbation: LP) was applied at a longer BCL B + 
10 ms. 
3. Ten stimuli were applied at BCL B to return to SS. 
4. One additional stimulus (short perturbation: SP) was applied at a shorter BCL B − 
10 ms. 
5. Ten stimuli were applied at BCL B to return to SS. 
We started pacing at BCL B = 300 ms and progressively reduced the BCL down 
to B = 130 ms in steps of 10 ms. Multiple pacing protocols (3-5) were applied in each 
experiment, so a total of 26 protocols were applied in n = 8 rabbits. Optical mapping 
movies (5s duration) were acquired to capture the SS, LP, and SP responses at each BCL 
B. Movies were acquired at 600 frames per second with a spatial resolution of 64×64 
pixels. The background fluorescence was subtracted from each frame. In addition, spatial 
(3×3 pixels) and temporal (5 pixels) conical convolution filters were used.  
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5.3.3 Data Analysis 
At each BCL, APD was measured at 80% repolarization and the [Ca2+]i transient 
amplitude (CaA) was calculated as the difference between the local maxima and minima 
of the same response, after subtraction of the background fluorescence, representing the 
systolic and diastolic values of [Ca2+]i, as described previously (Y. W. Qian et al., 2001). 
The duration of [Ca2+]i transients (CaD) was determined from the maximum first 
derivative of the [Ca2+]i upstroke to the time point of 80% recovery of [Ca
2+]i to its 
original baseline, as was described previously (Choi & Salama, 2000a; Lakireddy et al., 
2005). Two-dimensional (2D) APD, CaD, and CaA maps were constructed for all BCLs. 
Figure 5-1 A shows a representative example of 2D CaA (top), CaD (middle), and APD 
(bottom) maps showing the spatial distribution of each parameter during two consecutive 
beats at BCL B = 150 ms. Figure 5-1 B shows single pixel traces of the [Ca2+]i and action 
potentials from regions marked as ‘*’ and ‘+’ in Figure 5-1 A, along with the 
corresponding definitions. Note the presence of alternans in CaA, CaD, and APD.  
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Figure 5-1 Definitions of APD, CaA and CaD. (A) 2D CaA, CaD, and APD maps showing 
spatial distribution of each parameter during consecutive beats at BCL B = 150 ms and (B) 
Representative traces of [Ca2+]i (top) and action potential (bottom) traces taken from pixels 
marked as ‘* ’ and ‘+’ in (A). 
 
Local conduction velocity (CV) was calculated as described previously (Mironov, 
Jalife, & Tolkacheva, 2008). Specifically, the distributions of activation times (measured 
at (dV/dt)max) for the spatial regions of 3x3 pixels were fitted with the plane, and 
gradients of activation times gx and gy were calculated for the each plane along the x- and 
y-axes, respectively.  The magnitude of the local CV was calculated for each pixel as (gx
2 
+ gy
2)-1/2. 
5.3.4 Alternans measurements  
The amplitudes of APD, CaD, and CV alternans were calculated at each pixel as a 
difference in corresponding values of the SS responses between odd and even 
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beats: ΔAPD = APDeven − APDodd, ΔCaD = CaDeven − CaDodd and ΔCV = CVeven - CVodd. 
The temporal thresholds for both APD and CaD alternans were set at 5 ms; while the 
threshold for CV alternans was set at 0.5 m/s.  The degree of CaA alternans, ΔCaA, was 
calculated at each pixel as the alternans ratio, 1-X/Y, where X is the net amplitude of the 
smaller [Ca2+]i transient and Y is the net amplitude of the larger [Ca
2+]i transient, as was 
described previously (Wu & Clusin, 1997). The threshold for the presence of CaA 
alternans was set at 0.15. 2D ΔAPD, ΔCaD, ΔCaA, and  ΔCV maps were constructed to 
reveal the spatial distribution and amplitude of each type of alternans for the RV surfaces 
of the heart.  
The local spatial onset of alternans was defined as the BCL, 
OnsetB , at which at 
least 10% of the RV surface exhibited alternans separately for APD ( Onset
APDB ), CaA 
( OnsetCaAB ), or CaD (
Onset
CaDB ). Two spatial regions of the heart were defined at each 
OnsetB : 
the 1:1alt region, which exhibited alternans, and the 1:1 region, which exhibited 1:1 
behaviour and no alternans. These two regions were back-projected to all BCLs B 
preceding
OnsetB , and the mean values and standard errors for all parameters were 
calculated and averaged separately for these two regions. The notations 1:1alt and 1:1 
reflect the fact that both regions exhibits 1:1 behaviour prior to 
OnsetB , and only at 
OnsetB  
the 1:1alt region exhibits alternans. Table 5-1 shows the different BCL terms used and 
their definitions.  
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Table 5-1 Different basic cycle length terms and what each term means 
Term  Explanation 
B Basic cycle length  
Bonset B at which 10% of the heart exhibited alternans  
BPrior B immediately prior to Bonset 
 
5.3.5 Slopes calculations 
The responses at each pixel were used to construct restitution portraits of the heart 
separately for voltage and [Ca2+]i as described previously (Cram et al., 2011). Only data 
from different BCLs  prior to
OnsetB  were taken for restitution portrait construction. 
Specifically, at each pixel, the restitution portrait consists of a dynamic restitution curve 
measuring SS responses at each BCL B, and several local S1-S2 restitution curves for 
each BCL B.  The following slopes were calculated separately for APD, CaA, and CaD 
responses at each pixel: 1) slope of dynamic restitution curve, DynS , by fitting SS 
responses from all B values with a second degree polynomial curve; and 2) slopes of S1-
S2 restitution curve 
12S  (measured at SS) and 
MaxS12   (measured at SP) by fitting LP and 
SP responses from all B values respectively with a second degree polynomial function. 
The various slopes and their respective definitions are shown in Table 5-2. 
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Table 5-2 Different responses and corresponding slopes measured from the pacing protocols 
Pacing protocol (step) Responses Slopes 
II APD and DI after LP S12  -- Measured at SS at each 
B 
 
I 
IV 
 
 
APD and DI after SS  
APD and DI after SP  
 -- Measured at SP at 
each B 
 
I APD and DI after SS   -- Measured at SS from 
all B 
 
5.3.6 Statistical Analysis  
Group data are presented as the mean ± SE. We performed statistical comparisons 
between the two regions in the heart using a two-sample t-test, and between different 
rabbits using ANOVA (Origin Software, Northampton, MA). Values of p < 0.05 were 
considered statistically significant. Since we performed multiple pacing protocols in each 
experiment, all slopes were calculated for each individual pacing protocol. The slopes 
measured in each protocol were then averaged resulting in one value for a specific 
animal. Later, these data were averaged across all animals. Statistical analysis was 
performed both within an animal between multiple pacing protocols (data not shown), 
and for all animals (shown in the Figures). Statistical analyses within and across 
experiments gave similar results. 
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5.4 Results:  
5.4.1 Local onset of [Ca2+]i and APD alternans  
 We observed that both [Ca2+]i and APD alternans occurred locally in a small 
region of the heart and spread to occupy the entire heart as the BCL B decreased. Figure 
5-2 A shows representative examples of the spatiotemporal evolution CaA (top panel), 
CaD (middle panel), and APD (bottom panel) at different values of BCL B. The color bar 
represents the amplitude of alternans (red) or the presence of 1:1 responses (white). Note 
that at large BCLs B, there is no alternans in APD, CaD or CaA; and alternans gradually 
developed in the heart as BCL B decreases. Note that in this particular example, alternans 
in CaA develops first at OnsetCaAB  = 170 ms, followed by APD alternans at 
Onset
APDB  = 160 ms, 
and CaD alternans occurs last at OnsetCaDB  = 150 ms. Figure 5-2 A clearly demonstrates that 
APD and CaD alternans develop in the same area that was already occupied by CaA 
alternans. Figure 5-2 B shows single pixel traces of [Ca2+]i and action potentials taken 
from the regions marked as ‘*’,’+’, and ‘#’ in Figure 5-2 A. At large BCL B = 190 ms, 1:1 
behaviour is seen in both [Ca2+]i and APD (see ‘*’); and as the BCL B is decreased to 170 
ms (see ‘+’), note that beat-to-beat changes occur first only in CaA, while 1:1 behaviour 
is still seen in APD. As the BCL B is further decreased to 150 ms, the alternans in CaA, 
APD and CaD are seen (see ‘#’). It is also worth mentioning that CaD alternans, in 
contrast to CaA and APD alternans, was rarely present and was generally observed only 
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during pacing at a very high frequency. The occurrence of each type of alternans across 
all our experiments is summarized in the Table 5-3.  
Table 5-3 Occurrence of CaA, CaD, and APD alternans. 
Alternans # of animals # of pacing protocols 
CaA 8/8 (100%) 21/26 (81%) 
CaD 3/8 (38%) 5/26 (19%) 
APD 8/8 (100%) 21/26 (81%) 
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Figure 5-2 Spatio-temporal evolution of APD, CaA and CaD alternans. (A) Representative 
example of the 2D  ΔCaA, ΔCaD,  and ΔAPD maps showing spatio-temporal evolution of 
alternans at different  values. The color bar represents the amplitude of alternans (red) and 1:1 
responses (white). The local spatial onsets of alternans occur at
OnsetB . At 
OnsetB , two regions 
(1:1alt and 1:1) are introduced and back-projected to all prior B values (black outlines). (B) 
Representative traces of [Ca2+]i (red) and action potential (black) at different BCLs B taken from 
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pixels marked as ‘* ’, ‘+’, and ‘#’ in (A). (C) ΔCV maps for the same experiment as in (A). The 
color bar represents the amplitude of CV alternans (red/blue) and no CV alternans responses 
(white).  (D) Local onset,  of CaA, CaD, and APD alternans and (E) Spatial evolution of 
alternans as a function of BCL B. Dashed horizontal line indicates spatial threshold for alternans 
(10% of RV surface). 
 
 In order to determine the role of CV in the formation of APD and [Ca2+]i 
alternans, we calculated CV for even and odd beats, and constructed 2D CV alternans 
maps. Figure 5-2 C shows a representative example of 2D CV alternans maps for 
different BCLs B, for the same experiment as shown in Figure 5-2 A. Note the absence of 
stable CV alternans, and the absence of correlation between CV and either APD, CaA, or 
CaD alternans.  Similarly, no CV alternans was observed in all our experiments for the 
range of BCL B where concordant APD, CaA and CaD alternans is seen.  
The spatio-temporal dynamics of alternans illustrated in Figure 5-2 A was present across 
all experiments. Figure 5-2 D shows a box plot representation of minimum, median, and 
maximum values of Onset
APDB , 
Onset
CaAB , and
Onset
CaDB . Note that the onset of CaA alternans always 
preceded the onset of APD alternans ( OnsetCaAB  =178±4.42 ms vs. 
Onset
APDB  = 161±5.46 ms, 
p<0.05), while the onset of CaD alternans always developed last ( OnsetCaDB  = 140±3.16 ms, 
p<0.05 vs. OnsetCaAB  and 
Onset
APDB ). Figure 5-2 E shows the spatial development of CaA, APD, 
and CaD alternans in all experiments quantified by the percentage of the total RV surface 
occupied by each type of alternans as a function of BCL B. The dashed horizontal line 
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represents the spatial threshold for alternans (10% of the RV surface). Note the gradual 
development of each type of alternans in the heart as the BCL B decreases. Therefore, our 
results show that CaA and CaD alternans, similar to APD alternans (Cram et al., 2011), 
has a local onset in the heart, and that the local onset of CaA precedes the local onset of 
APD and CaD alternans. 
5.4.2 Prediction of local onset of APD and CaD alternans  
   We then aimed to determine whether the local onset of [Ca2+]i and APD alternans 
could be predicted using the slopes measured in the corresponding restitution portraits. 
Note that to date, the restitution portrait was used only to predict the local onset of APD 
alternans (Cram et al., 2011; Kalb et al., 2004; E G Tolkacheva et al., 2006), and here we 
aimed to extend this technique to predict the local onset of CaD and CaA alternans.  
   Figure 5-3 illustrates our approach to measure different slopes in the APD 
restitution portrait. Specifically, Figure 5-3 A shows representative examples of 2D 
ΔAPD maps the onset of APD alternans, Onset
APDB , and the BCL prior to the onset of APD 
alternans, 
iorBPr . Here, the dotted lines outline the boundary between the 1:1 and 1:1alt 
regions that were defined at Onset
APDB . Figure 5-3 B shows a representative example of a 
restitution portrait from the pixel marked as ‘#’ along with the definitions of the DynS , 
12S , and 
MaxS12  slopes (top). The spatial distribution of these slopes calculated just prior to 
the onset of APD alternans at 
iorBPr is shown in Fig 3 B (bottom). In this example, note 
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the larger values of MaxS12  in the 1:1alt region compared to the 1:1 region, while the spatial 
distribution of DynS  and 12S  remain similar between the two regions. The mean DynS , 
12S , and 
MaxS12  slopes at
iorBPr from all our experiments are shown in Figure 5-3 C 
separately for 1:1 and 1:1alt regions. Note that the DynS  and 12S  slopes calculated from 
the 1:1alt and 1:1 regions are similar ( DynS  = 0.88±0.04 vs. 0.84±0.05, p=N/S; 12S  = 
0.80±0.04 vs. 0.67±0.07, p=N/S), while the MaxS12  slopes between the two regions are 
significantly different ( MaxS12  = 1.21±0.07 vs. 0.85±0.01, p<0.05) at 
iorBPr . This suggests 
that MaxS12  calculated prior to the onset of APD alternans, can indicate which region of the 
heart is susceptible to alternans.  Note, however, that none of the values of DynS , 12S , and 
MaxS12 are equal to 1, the theoretical value of slope at which alternans occurs.  
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Figure 5-3 Restitution portrait analysis of APD alternans. (A) Representative examples of 2D 
ΔAPD maps at 
OnsetB  (onset of APD alternans), and  
iorBPr  (a BCL prior to the onset of 
alternans). (B) Representative example of APD restitution portrait for pixel marked as ‘#’ in (A) 
showing the slopes measured (top); 2D distribution of DynS , 12S , and 
MaxS12  slopes at  (bottom). 
Dashed lines outline the boundary between the 1:1 and 1:1alt regions  and (C) Average DynS , 
12S , and 
MaxS12 slope values at 
iorBPr .  ‘*’ indicates statistical significance (p<0.05). 
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 We then performed a similar analysis to investigate if any of the slopes of the 
restitution portrait constructed from CaD responses could predict the local onset of CaD 
alternans. Figure 5-4 A shows representative examples of 2D ΔCaD maps at OnsetCaDB and the 
BCL prior to the onset of CaD alternans, 
iorBPr . The dotted lines indicate the border 
between 1:1 and 1:1alt regions that was determined at 
Onset
CaDB . Figure 5-4 B shows a 
representative example of a restitution portrait from the pixel marked as ‘#’ along with 
the definitions of measured slopes (top). The spatial distribution of DynS , 12S , and 
MaxS12  
slopes calculated at 
iorBPr  is shown in Figure 5-4 B (bottom).  In this case, both MaxS12  and 
DynS  have larger values in the 1:1alt compared to the 1:1 region. The mean DynS , 12S , and 
MaxS12  slopes calculated at 
iorBPr  from all our experiments are shown in Figure 5-4 C 
separately for 1:1 and 1:1alt regions. Note that in the case CaD, both 
MaxS12  and DynS are 
significantly larger in 1:1alt region in compare to 1:1 region immediately prior to onset of 
CaD alternans ( DynS  = 0.99±0.04 vs. 0.73±0.06, p<0.05;  
MaxS12  = 0.95±0.13 vs. 0.65±0.1, 
p<0.05); while the 
12S  slopes remain the same ( 12S  = 0.19±0.07 vs. 0.12±0.05, p=N/S). 
This indicates that both MaxS12  and DynS  slopes calculated prior to the onset of CaD 
alternans, at 
iorBPr ,  can indicate which region of the heart is susceptible to alternans.  
 101 
 
 
Figure 5-4 Restitution portrait analysis of CaD alternans. (A) Representative examples of 2D 
ΔCaD maps at  
OnsetB  (onset of CaD alternans), and 
iorBPr  (a BCL prior to the onset of 
alternans). (B) Representative example of CaD restitution portrait for pixel marked as ‘#’ in (A) 
showing the slopes measured (top); 2D distribution of DynS , 12S , and 
MaxS12 slopes at  (bottom). 
Dashed lines outline the boundary between the 1:1 and 1:1alt regions and (C) Average DynS , 
12S , and 
MaxS12 slope  values at .  ‘*’ indicates statistical significance (p<0.05)  
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5.4.3 Prediction of local onset of CaA alternans  
 Our experiments demonstrate that the rate dependent shortening/reduction of CaA 
with BCLs, i.e. steady state dynamic restitution of CaA, is not present in the isolated 
hearts. This is in contrast to APD and CaD restitution, as indicated by the red dynamic 
restitution curves in Figure 5-3 B and Figure 5-4 B, top, respectively. However, CaA after 
SP and LP responses were different from steady state responses, especially at lower 
BCLs. Therefore, the restitution portraits obtained for CaA are different from the one 
obtained for APD and CaD. Figure 5-5 A shows representative examples of 2D ΔCaA 
maps at OnsetCaAB and the BCL prior to the onset of CaA alternans, 
iorBPr . The dotted lines 
indicate the border between 1:1 and 1:1alt regions that was determined at 
Onset
CaAB . Figure 
5-5 B shows a representative example of a restitution portrait from a pixel marked in 
Figure 5-5 A as ‘#’. Note the presence of the flat dynamic restitution curve indicating that 
the steady state responses are rate-independent, and thus steady state CaAs has similar 
values across all BCLs leading to a very flat dynamic restitution curve. However, the 
presence of local S1-S2 curves at different BCLs indicates that there are differences 
between the steady state and perturbation (SP and LP) responses.  Note that this 
difference is more pronounced at lower BCLs, closer to the onset of CaA alternans. The 
spatial distribution of DynS , 12S , and 
MaxS12  slopes calculated at 
iorBPr  is shown in Figure 
5-5 B (bottom).  In this example, both MaxS12  and 12S  have larger values in the 1:1alt 
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compared to the 1:1 region, while DynS is close to zero in all regions. The mean DynS , 12S , 
and MaxS12  slopes calculated at 
iorBPr  from all our experiments are shown in Figure 5-5 C 
separately for 1:1 and 1:1alt regions. Both 12S  and
MaxS12  are significantly larger in 1:1alt 
region in compare to 1:1 region immediately prior to onset of CaA alternans at 
iorBPr  
(
12S  = 0.59±0.19 vs. 0.19±0.02, p<0.05;  
MaxS12  = 1.09±0.1 vs. 0.61±0.08, p<0.05); while 
the DynS  slopes remain close to zero in both regions. This indicates that both 
MaxS12  and 
12S  slopes calculated prior to the onset of CaA alternans, at 
iorBPr ,  can indicate which 
region of the heart is susceptible to alternans.  
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Figure 5-5 Restitution portrait analysis of CaA alternans. (A) Representative examples of 2D 
ΔCaA maps at 
OnsetB  (onset of CaA alternans), and 
iorBPr  (a BCL prior to the onset of 
alternans). (B) Representative example of CaA restitution portrait for pixel marked as ‘#’ in (A) 
(top); 2D distribution of DynS , 12S , and 
MaxS12  slopes at  (bottom). Dashed lines outline the 
boundary between the 1:1 and 1:1alt regions and (C) Average DynS , 12S , and 
MaxS12 slope  values 
at .  ‘*’ indicates statistical significance (p<0.05).  
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5.5 Discussion 
   In this study, we investigated the spatio-temporal evolution of both [Ca2+]i and 
APD alternans in the isolated rabbit heart, and determined if the local onset of [Ca2+]i and 
APD alternans could be predicted using different slopes measured in the restitution 
portrait. To our knowledge, this is the first study to apply the restitution portrait technique 
to predict [Ca2+]i alternans.  
 The main results of our study can be summarized as follows. First, [Ca2+]i 
alternans has a local onset in the heart similar to what has been described for APD 
alternans. It initially develops in a small area of the heart, and then evolves to occupy the 
entire heart. Second, the local onset of [Ca2+]i alternans, specifically CaA alternans, 
always preceded the local onset of APD alternans, while CaD alternans always followed 
APD alternans. Third, the restitution portrait, which was previously used to predict the 
local onset of APD alternans, can also be used to predict the local onset of [Ca2+]i (both 
CaA and CaD) alternans.  
5.5.1 CaD alternans is distinct from CaA alternans 
 Although previous literature defines [Ca2+]i alternans as the beat-to-beat variation 
in the amplitude of the [Ca2+]i transients, i.e. CaA (Y. W. Qian et al., 2001; Wu & Clusin, 
1997), CaD alternans has received limited attention. In this study, we performed separate 
investigations of CaA and CaD, and demonstrated that the local onset of CaA and CaD 
alternans occurred at statistically different values of BCLs. CaD is thought to have 
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similar general features as action potential repolarization and duration maps (E G 
Tolkacheva et al., 2006). The importance of CaD lies in the fact that [Ca2+]i overload and 
increases in CaD,  due to spontaneous [Ca2+]i releases from the sarcoplasmic reticulum 
(SR), can be arrhythmogenic. Spontaneous SR [Ca2+]i releases are thought to be potential 
sources of early after depolarisations which can result in torsade’s de pointes, 
tachycardia, and other arrhythmias (Choi et al., 2002; Lazzara, 1993). However, 
physiological relevance of CaD alternans needs to be further investigated, and it remains 
unclear whether a combination of CaA and CaD alternans is more arrhythmogenic 
compared to beat-to-beat variation in CaA only.  
5.5.2 [Ca2+]i alternans has a local onset  
  Our results indicate that [Ca2+]i alternans (both CaA and CaD) have a local onset in 
the heart, similar to what has been observed for APD alternans (Cram et al., 2011). This 
result can be explained by a previous study which has indicated that there are physical 
processes acting to synchronize [Ca2+]i transient alternans in neighbouring myocardial 
cells (Y. W. Qian et al., 2001). This study reported a linear correlation between pixel 
distance and dynamics of [Ca2+]i transients and that cells close to each other have similar 
[Ca2+]i dynamics and that the degree of alternans was higher in the centre of region of 
alternans. It is also worth noting that the degree of alternans usually increased with the 
frequency of pacing as reported in previous studies (Etienne J Pruvot et al., 2004). As the 
pacing rate is increased, the ability of the channels involved to recover in time for next 
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stimulus is reduced. This causes the subsequent [Ca2+]i transient to start at a higher 
diastolic level, reducing its amplitude and thereby increasing the alternans ratio. 
5.5.3 [Ca2+]i alternans might be driving force for APD alternans 
  Furthermore, our results indicate the local onset of [Ca2+]i alternans always occurs 
first, which then causes alternations in APD as has been previously demonstrated in 
numerical investigations and single cell experiments (Chudin et al., 1998; Shiferaw et al., 
2003). In order for [Ca2+]i alternans to be considered the cause of accompanying APD 
alternans, it is necessary to show that, for a given cell within the intact heart, the two 
phenomena are inexorably linked. Initially, this link has been demonstrated using 
monophasic action potential electrodes recordings (H. C. Lee et al., 1988), and later using 
more rigorous optical mapping studies (Etienne J Pruvot et al., 2004). The fact that 
[Ca2+]i transient and APD alternans occur together is consistent with the hypothesis that 
the [Ca2+]i transient “controls” APD, but this never has been sufficiently  proven, because 
it is possible that purely voltage-dependent currents could produce APD alternans 
(Clusin, 2008). Our results show that APD alternans occur in the same region that was 
already occupied by [Ca2+]i alternans, which seem to indicate that calcium alternans 
drives APD alternans in the whole heart even with complex spatial factors.  This might be 
due to the steep dependence of the SR Ca2+ release on SR Ca2+ load (Diaz et al., 2004) 
and SR Ca2+ uptake (Shiferaw et al., 2003), which has been implicated as the primary 
cause of [Ca2+]i alternans in single cells. APD alternans can occur passively due to the 
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close dependence between [Ca2+]i  and membrane voltage mediated by the [Ca
2+]i 
dependent currents. Our results also indicate that there is no correspondence between 
formation of CV velocity and any of CaA, CaD, or APD alternans. These results are in 
agreement with a previous study (Etienne J Pruvot et al., 2004) with guinea pigs, which 
reported that T wave and APD alternans are more closely related to [Ca2+]i  cycling rather 
than to APD or CV restitution. 
5.5.4 Restitution portrait analysis can be used to predict [Ca2+]i alternans  
  Here, we aimed to determine whether the local onset of [Ca2+]i  alternans can be 
predicted using a restitution portrait. The restitution portrait, which consists of several 
restitution curves measured simultaneously at various pacing frequencies, is considered a 
more advanced approach to predict APD alternans compared to individual restitution 
curves (E G Tolkacheva et al., 2006, 2003). It was experimentally confirmed that one of 
the slopes measured in the restitution portrait is correlated with the onset of alternans in 
isolated rabbit and guinea pig myocytes (E G Tolkacheva et al., 2003). In addition, a 
direct link between restitution portrait and onset of APD alternans was established in the 
isolated rabbit whole heart which included the complex spatial component as well (Cram 
et al., 2011). This study confirms the results of our previous study  showing MaxS12  
(maximum slope of the S1-S2 restitution curve) as an indicator of the local onset of APD 
alternans. In this study, we extrapolate the use of the restitution portrait method for 
[Ca2+]i dynamics as well to investigate if any of the slope correlate with onset of [Ca
2+]i 
 109 
 
alternans. The use of restitution portrait directly to CaD responses is possible because 
CaD exhibits restitution behaviour similar to APD (Choi & Salama, 2000a). Our result 
indicates that CaD alternans can be predicted using the slopes MaxS12  and DynS , measured 
in the restitution portrait. It is conceivable that DynS  is also different between the two 
regions, in addition to  MaxS12 , since intracellular sodium is implicated in short term 
memory and not [Ca2+]i (Schaeffer et al., 2007).  
 It is important to predict the onset of CaA alternans since our results shows that 
CaA alternans consistently develops ahead of either APD or CaD alternans. Our 
experiments demonstrate that the rate dependent shortening/reduction of CaA with BCLs, 
i.e steady state dynamic restitution of CaA, is not present in the isolated hearts. However, 
CaA after SP and LP responses were different from steady state responses, especially at 
lower BCLs. Our analysis of the S1-S2 restitution curves reveals that both MaxS12 and 
12S slopes were significantly higher in the 1:1alt region compared to the 1:1 region. 
Therefore, these slopes are reliable indicators of CaA alternans. Our results are consistent 
with previous findings in isolated rabbit ventricular myocytes. Specifically, Tolkacheva 
et. al. (E G Tolkacheva et al., 2006) measured the peak L-type calcium current  (ICa-L) 
during SS, SP and LP, and demonstrated SP does not affect peak ICa-L for large values of 
BCL (≥ 350 ms), but significantly reduces it at lower BCLs (200 ms). This is probably 
due to the complex interplay between reactivation and inactivation kinetics of ICa-L. ICa-L, 
which plays an important role in the upstroke of the cyclic calcium transient, controls the 
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amount of Ca2+ present in the intracellular space during each transient by mediating the 
entry of the Ca2+ into the cell triggering the release of the Ca2+ from the SR. The decrease 
in ICa-L due to a perturbation at low BCLs would thus lead to smaller amplitude of the 
calcium transient similar to what is seen during our experiments.  
 In this study, we did not compare the standard dynamic restitution to the 
restitution portrait. However, we have investigated this in our previous publication in 
which we compared SS responses measured from the APD restitution portrait with a 
standard dynamic restitution curve, and demonstrated their similarity (Cram et al., 2011). 
It is not as easy to compare the standard S1-S2 restitution curve and local S1-S2 
restitution curves from the restitution portrait, mainly because of the presence of an 
inﬁnite number of S1-S2 restitution curves. Nevertheless, it has been shown theoretically 
that only points in the vicinity of the intersection of the S1-S2 restitution curve with the 
SS responses, and not the entire S1-S2 restitution curve, are important for determining 
the onset of alternans. 
   
5.6 Limitations 
   One of the limitations of our study is that the stimulation site was consistent 
among all experiments, and we have not investigated the influence of the pacing site on 
the alternans formation in the heart. Some studies suggested that calcium and APD 
alternans in guinea pigs consistently occurred near the base of the heart, independent of 
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the pacing site (Etienne J Pruvot et al., 2004). Other studies demonstrated that pacing 
from the posterior free wall produced the maximum alternans amplitude; whereas pacing 
from the opposite direction (anterior free wall) resulted in the smallest alternans 
amplitude (Gizzi et al., 2013).  
5.7 Conclusion 
Our results show that [Ca2+]i has a local onset in the isolated heart similar to APD and 
that CaA alternans might be the primary driving force for APD and CaD alternans. We 
also show that the restitution portrait, which was previously used to predict the local 
onset of APD alternans, can also be used to predict the local onset of CaA and CaD 
alternans. Specifically, both the DynS  and 
MaxS12  slopes can be considered as indicators of 
CaD alternans, since their values are significantly different between the 1:1 and 1:1alt  
regions prior to the onset of CaD alternans; while the 
12S and 
MaxS12  are indicators of CaA 
alternans.  
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6 Effects of mitochondrial uncoupling on alternans formation 
in the whole heart 
6.1 Preface 
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6.2 Introduction 
 In this study, we aimed to determine the role of the mitochondria, through its 
uncoupling, on APD and [Ca2+]i alternans formation in the isolated Langendorff-perfused 
rabbit heart. Mitochondrial uncoupling was achieved by pharmacologic means using the 
potent mitochondrial uncoupler, FCCP.  In this study, we use a small concentration of 
FCCP (50 nM) since our previous study indicated that higher concentrations of FCCP 
(100 nM) lead to arrhythmias in the whole heart (R. M. Smith et al., 2012).  In addition, 
we investigated the changes in various electrophysiological properties induced by the 
mitochondria uncoupling and global ischemia.  
6.3 Materials and Methods 
All experiments conformed to the Guide for the Care and Use of Laboratory 
Animals (NIH publication No. 85-23, revised 1996) and the University of Minnesota 
guidelines regulating the care and use of animals. New Zealand white rabbits (Bakkom 
Rabbitry, 1.3-2.0 kg, n=12) were first heparinized (550 U/100 g) and then anesthetized 
with ketamine and xylazine (35 mg/kg and 5 mg/kg, respectively). The heart was excised 
and placed in an ice-cold cardioplegia solution. Immediately following excision, the heart 
 114 
 
was then fixed on the cannula via the aorta and perfused for 30 minutes for stabilization 
with warm (37° ± 1°C), oxygenated Tyrode’s solution (Mironov et al., 2008). The hearts 
were submerged in a chamber and superfused with the Tyrode’s solution; Blebbistatin 
(10 µM) was then added to the perfusate to reduce motion artifacts (Fedorov et al., 2007, 
2011). The ECG was monitored throughout the entire experiment.   
To investigate the effect of mitochondria uncoupling and global ischemia on 
alternans formation at different pacing rates, we performed two different sets of 
experiments in Langendorff-perfused rabbit hearts. In the first series of experiments, we 
perfused the hearts (n=6) with 50 nM of FCCP for up to 10 minutes, after 30 minutes of 
control. In additional experiments (n=6), we induced 10 minutes of no-flow global 
ischemia after 30 minutes of control by halting perfusate flow into the aorta as described 
previously (Berkich et al., 2003; Lakireddy et al., 2005; Restivo et al., 2012; Zaitsev et 
al., 2003). In addition, during no-flow global ischemia, the bathing chamber was gassed 
with 95% N2-5% CO2 to minimize O2 reaching the muscle surface from the bath solution. 
The temperature of the bath solution was maintained at 37° ± 1°C at all times during the 
course of the experiment. All hearts were subject to periodic pacing at different rates, as 
described below, during control, FCCP, and global ischemia to induce alternans.    
6.3.1 Optical Mapping 
 Voltage and [Ca2+]i were recorded simultaneously as described previously (Choi 
& Salama, 2000a; Lakireddy et al., 2005). Briefly, the heart was stained with the voltage-
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sensitive dye RH-237 (10 M) and the calcium-sensitive dye Rhod-2AM (1 mM) (G 
Salama & Hwang, 2009); and two 532 nm green lasers (1 W, Shanghai Dream Lasers) 
were used to illuminate the anterior surface of the heart. This fluorescent signal from the 
heart was first separated by a dichroic mirror, and then filtered with 585  20 nm band-
pass (Rhod-2AM) and 720 nm long-pass (RH-237) filters. The cameras were precisely 
aligned using a grid pattern so that voltage and [Ca2+]i signals were taken from the same 
pixel on the heart.  
 External stimuli (5 ms duration, twice the threshold) were applied to the base of 
the heart using a dynamic pacing protocol (Mironov et al., 2008), which consisted of 100 
stimuli applied at each basic cycle length (BCL) starting with BCL=300 ms down to 200 
ms in steps of 20 ms and then from 200 ms to 130 ms in steps of 10 ms. Optical movies 
of 6.7 s were acquired at 600 frames per second with 64x64 pixel resolution at the end of 
each BCL to record steady-state responses. Optical movies were recorded at 30 minutes 
of control, 5 and 10 minutes of FCCP treatment, and 5, 10, 15 minutes of no-flow global 
ischemia. The background fluorescence was subtracted from each frame, and spatial (3x3 
pixels) and temporal (3 pixels) conical convolution filters were used. 
6.3.2 Parameter measurements 
 APD and [Ca2+]i measurements: Optical APD was measured at 80% 
repolarization, while the duration of [Ca2+]i transients (CaD) was determined from the 
maximum first derivative of the [Ca2+]i upstroke to the time point of 80% recovery of 
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[Ca2+]i to its original baseline, as described previously (Choi & Salama, 2000a; Lakireddy 
et al., 2005). Two-dimensional (2D) APD and CaD maps were constructed to reveal the 
spatial distribution of APD and CaD on the anterior surface of the heart. [Ca2+]i 
amplitude (CaA) was measured by finding the local minima and maxima, which 
represent the diastolic and systolic values of [Ca2+]i. The mean and standard deviation for 
all APD, CaD, and CaA measurements were determined from the anterior surface at each 
BCL. In order to compare the electrophysiological changes caused by FCCP treatment 
and ischemia compared to control conditions, we calculated ΔAPD and ΔCaD which 
quantified the relative change in APD and CaD according to the formula: 
  controlXcontrolXFCCPXFCCPX / , and   controlXcontrolXischemiaXischemiaX / , 
where  is X is APD or CaD. 
APD, CaD, and CaA alternans: The amplitudes of APD and CaD alternans were 
calculated at each pixel as a difference between odd and even beats, as described 
previously (Cram et al., 2011; Pitruzzello, Krassowska, & Idriss, 2007): 
msoddXevenXX 5 , where X is APD or CaD. All variations smaller than the 
temporal threshold of alternans (5 ms) were defined as 1:1 responses. 2D alternans maps 
were constructed to reveal the spatial distribution of APD and CaD alternans for the 
anterior surface of the heart.   
The degree of CaA alternans was quantified at each pixel as the alternans ratio 
(Wu & Clusin, 1997): ABCaA /1 , where B is the net amplitude of the smaller transient 
 117 
 
and A is the net amplitude of the larger transient. The 
threshold for the presence of alternans was set at 0.15, and all variations smaller than 0.15 
were defined as 1:1 responses. The phase of alternans was not taken into account, so no 
distinction between spatially concordant and discordant alternans was made. The local 
spatial onset of alternans was defined as the BCL (BOnset) at which at least 10% of the 
anterior surface exhibited alternans (Cram et al., 2011). 
Conduction velocity (CV) measurements: Local CV was calculated as described 
previously (Bayly et al., 1998; Mironov et al., 2008). Specifically, the distributions of 
activation times (measured at (dV/dt)max) for the spatial regions of 3x3 pixels were fitted 
with the plane, and gradients of activation times gx and gy were calculated for the each 
plane along the x- and y-axes, respectively.  The magnitude of the local CV was 
calculated for each pixel as (gx
2 + gy
2)-1/2. Mean values for CV were calculated for the 
anterior surface. The relative change in CV when compared to control was calculated as 
  controlCVcontrolCVFCCPCVCV / . 
 Intraventricular APD and CaD heterogeneity: The spatial dispersion of APD and 
CaD at the anterior surface of the heart was estimated based on the heterogeneity index, 
  50595 / XXX
X
  (Mironov et al., 2008), where X is APD or CaD, and 95X  and 5X  
represent the 95th and 5th percentiles of either APD or CaD distribution, respectively, and 
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50X  is the median of either APD or CaD distribution.  The µ value for both APD and 
CaD was calculated as the average of the heterogeneity index for the odd and even beats.  
6.3.3 Statistical Analysis 
 All data are presented as mean ± standard error of the mean.  Statistical 
comparisons between control and FCCP, and between control and ischemia conditions in 
the same heart were performed using a paired Student’s t-test. Statistical comparisons 
between FCCP and ischemia in different hearts were performed using ANOVA. Values 
of p<0.05 were considered statistically significant.   
6.4 Results 
6.4.1 Effects of mitochondrial uncoupling on APD alternans 
 We first investigated the effects of uncoupling the mitochondria on the formation 
of APD alternans in the rabbit heart. Figure 6-1 A (left) shows representative 2D APD 
maps of two consecutive beats for control, 5, and 10 minutes of FCCP treatment 
conditions at different BCLs: 220, 190, 170, 150, and 130 ms. Corresponding action 
potential traces from a single pixel marked as a star in Figure 6-1 A (left) are shown in 
Figure 6-1 A (right), for BCL=170 ms.  Note the presence of APD alternans after 10 
minutes of FCCP treatment. Figure 6-1 B shows the corresponding spatial distribution of 
APD alternans at different BCLs for control, 5, and 10 minutes of FCCP treatment. The 
red color indicates the amplitude of APD alternans, while the white color indicates the 
 119 
 
absence of alternans. Although no APD alternans is present in any regions of the heart in 
control, after 5 minutes of FCCP treatment, APD alternans occurs locally at BOnset=150 
ms. Further treatment with FCCP (10 minutes) causes APD alternans to occur earlier, at 
BOnset=190 ms. In our experiments (n=6), APD alternans always formed at earlier BOnset 
after treatment with FCCP than during control, as indicated in Figure 6-1 C. Note that 
BOnset increases for both 5 minutes (BOnset=174 ± 22 ms, p=N/S) and 10 minutes 
(BOnset=192 ± 18 ms, p<0.05) of FCCP treatment when compared to control (BOnset=136 ± 
6 ms). Therefore, uncoupling the mitochondria promotes APD alternans formation in 
isolated rabbit heart. 
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Figure 6-1.  Effects of 50 nM FCCP on APD.  A) 2D ADP maps for different BCLs for control, 
5, and 10 minutes of treatment with FCCP.  Corresponding action potential traces from one pixel 
at BCL= 170 ms (star) are shown on the right. B) 2D alternans map showing the spatial 
distribution of APD alternans at different BCLs for different conditions. C) Mean Bonset for APD 
alternans for different conditions from all (n=6) experiments. Asterisk (*) represent statistical 
significance (p<0.05) with control.   
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6.4.2 Effects of mitochondrial uncoupling on CaD alternans 
 We then examined the effect of uncoupling the mitochondria on [Ca2+]i dynamics 
and formation of [Ca2+]i alternans. Figure 6-2 illustrates how uncoupling the 
mitochondria affect CaD.  Figure 6-2 A (left) shows representative 2D CaD maps for two 
consecutive beats of control, 5, and 10 minutes after FCCP treatment at different BCLs.  
[Ca2+]i traces from a single pixel marked as a star in Figure 6-2 A (left) are shown in 
Figure 6-2 A (right) for BCL=170 ms. In this specific example, there is no CaD alternans 
formed during control at BCL=170 ms. However, note the presence of CaD alternans 
after 5 and 10 minutes of FCCP treatment. 2D ΔCaD maps, which illustrate the spatial 
development of CaD alternans at different BCLs are shown in Figure 6-2 B. Note that in 
this specific example, CaD alternans formed at BOnset =200 ms, both for 5 and 10 minutes 
of treatment with FCCP, while no alternans is present in control at the same BCL. Mean 
values of BOnset for CaD alternans at different conditions are shown in Figure 6-2 C for all 
experiments (n=6). Note that treatment with FCCP for both 5 (BOnset=172 ± 11 ms, 
p<0.05) and 10 minutes (BOnset=182 ± 20 ms, p<0.05) facilitates CaD alternans formation 
compared to control (BOnset=133 ± 6 ms). Therefore, uncoupling the mitochondria also 
promotes CaD alternans formation in isolated rabbit heart. 
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Figure 6-2 Effects of 50 nM FCCP on CaD.  A) 2D CaD maps for different BCLs for control, 5, 
and 10 minutes of treatment with FCCP.  Corresponding [Ca2+]i traces from one pixel at BCL= 
170 ms (star) are shown on the right. B) 2D alternans map showing the spatial distribution of 
CaD alternans at different BCLs for different conditions. C) Mean Bonset for CaD alternans for 
different conditions from all (n=6) experiments. Asterisk (*) represent statistical significance 
(p<0.05) with control. 
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6.4.3 Effects of mitochondrial uncoupling on CaA alternans 
 Since CaD was affected by treatment with FCCP, CaA was then examined.  
Representative 2D CaA maps and corresponding [Ca2+]i traces taken from a single pixel 
at BCL=170 ms are shown in Figure 6-3 A left and right, respectively.  In this example, at 
BCL=170 ms, no CaA alternans is seen during control and 5 minutes of treatment of 
FCCP. However longer FCCP treatment (10 minutes) induced CaA alternans. Figure 6-3 
B shows corresponding spatial distribution of CaA alternans at different BCLs for 
control, 5, and 10 minutes of FCCP treatment. Note that the local onset of CaA alternans 
occurred earlier after 5 (BOnset=150 ms) and 10 minutes (BOnset=190 ms) of FCCP 
treatment than during control (BOnset=130 ms). Figure 6-3 C shows the mean values of 
BOnset for CaA alternans at different conditions from all of our experiments (n=6).  BOnset 
of CaA occurs earlier after 5 (BOnset=162 ± 5 ms, p<0.05) and 10 minutes (BOnset=152 ± 5 
ms, p<0.05) than during control (BOnset=141 ± 3 ms). Therefore, uncoupling the 
mitochondria promotes CaA alternans formation in isolated rabbit heart. 
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Figure 6-3 Effects of 50 nM FCCP on CaA.  A) 2D CaA maps for different BCLs for control, 5 
and 10 minutes of treatment with FCCP.  Corresponding [Ca2+]i traces for one pixel from one 
pixel at BCL= 170 ms (star)  are shown on the right. B) 2D alternans map showing the spatial 
distribution of CaA alternans at different BCLs for different conditions. C) Mean Bonset for CaA 
alternans for different conditions from all (n=6) experiments. Asterisk (*) represent statistical 
significance (p<0.05) with control. 
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6.4.4 Effects of mitochondrial uncoupling on CV and heterogeneity 
 We also investigated how uncoupling the mitochondrial network affects other 
important electrophysiological characteristics, such as spatial heterogeneity and CV of 
impulse propagation in the heart. To examine the spatial dispersion of APD and CaD, the 
corresponding heterogeneity indices, µAPD and µCaD, were calculated for control, 5, and 
10 minutes of FCCP treatment at different BCLs and shown in Figure 6-4. Treatment 
with FCCP for 5 or 10 minutes significantly increased µAPD at all BCLs when compared 
to control (Figure 6-4 A). On the other hand, the effect of FCCP on µCaD was not so 
pronounced, and was not significant at any BCL (Figure 6-4B). Therefore, our data 
suggest that uncoupling the mitochondria affects the spatial dispersion of APD more than 
[Ca2+]i.  
Next, we investigated changes in CV caused by treatment with FCCP. Figure 6-4 
C shows a representative example of an activation maps illustrating action potential 
propagation during control, 5 mins and 10 mins of FCCP treatment at BCL = 130 ms. 
Color represents activation times across the epicardial surface. Note the very modest 
slowing of propagation during FCCP treatment.  From all our experiments, CV calculated 
at BCL = 130 ms, was reduced, but not significantly, both at 5 min (CV= 0.98 ± 0.08 
m/s, p=N/S) and 10 min (CV=0.95 ± 0.06 m/s, p=N/S) when compared to control 
conditions (CV=1.05 ± 0.11 m/s).  Figure 6-4 D illustrates the relative change in CV, 
ΔCV, at 5 and 10 minutes of FCCP treatment compared to control conditions at different 
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BCLs across all experiments. Treatment with FCCP significantly decreases CV at both 5 
and 10 min, although the effect is not consistent over all BCLs at 5 min. Analysis of beat-
to-beat differences in CV revealed no evidence of CV alternans during treatment with 
FCCP.  
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Figure 6-4 Effects of 50 nM FCCP on intraventricular heterogeneity and conduction velocity. A) Intraventricular APD heterogeneity µAPD, B) 
intraventricular CaD heterogeneity µCaD, C) Representative example of action potential activation maps for different conditions at BCL = 130 ms, 
and D) relative change of CV, ΔCV, for different BCLs during 5 and 10 minutes of treatment with FCCP.  Asterisk (*) represent statistical 
significance (p<0.05) with control. 
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6.4.5 Comparison of mitochondrial uncoupling and ischemia 
 Disruption of ATP production through mitochondrial uncoupling and oxidation is 
one of the main consequences of ischemia. To understand whether uncoupling of 
mitochondria with FCCP produces similar electrophysiological changes in the APD and 
[Ca2+]i as in no-flow global ischemia, we performed additional experiments, in which no-
flow global ischemia was induced in the isolated rabbit heart. Similar to FCCP, ischemia 
induced alternans in APD, CaD, and CaA. However, we were not able to directly 
calculate BOnset since all alternans were present at the largest BCL=300 ms. Figure 6-5 
compares changes in APD and CaD at different BCLs caused by 10 minutes of FCCP 
treatment (Figure 6-5 A, B) and 10 minutes of global no-flow ischemia (Figure 6-5 C, D). 
We observed that both FCCP (Figure 6-5 A) and ischemia (Figure 6-5 C) significantly 
increase CaD only at large BCLs, and have no effect on CaD at faster pacing rates. On 
the other hand, Figure 6-5 B and Figure 6-5 D illustrate a significant reduction of APD at 
all BCLs caused by FCCP and ischemia, respectively. Note that the significant reduction 
of APD and increase of APD heterogeneity by global no-flow ischemia was demonstrated 
previously (Lakireddy et al., 2005; Y.-W. Qian et al., 2003). We observed that the effect 
of FCCP treatment of APD reduction is qualitatively similar to global ischemia.  
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Figure 6-5 Effects of 10 minutes of treatment with 50 nM FCCP and 10 minutes of no-flow 
global ischemia on APD and CaD. A) Mean CaD for control and FCCP at different BCLs. B) 
Mean APD for control and FCCP at different BCLs. C) Mean CaD for control and ischemia at 
different BCLs. D) Mean APD for control and ischemia at different BCLs. Asterisk (*) represent 
statistical significance (p<0.05) with control. 
 
 These data are further quantified in Figure 6-6, where the relative change in CaD 
(ΔCaD) and APD (ΔAPD) compared to control conditions are shown at different values 
of BCL. Figure 6-6 A shows that FCCP and global ischemia cause very similar increases 
in CaD across all BCLs. For instance, at BCL = 220 ms, the relative increase in CaD 
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caused by FCCP is similar to that caused by ischemia (ΔCaDFCCP= 4.5 ± 0.7 vs. 
ΔCaDischemia= 4 ± 1.3, p=N/S). In contrast, Figure 6-6 B shows that, even though FCCP 
and ischemia both significantly reduced the APD across all BCLs, the relative reduction 
during ischemia (ΔAPDischemia) was significantly larger than the one during FCCP 
(ΔAPDFCCP). For instance, at BCL=220 ms, the reduction in APD was much larger during 
ischemia than during FCCP treatment (ΔAPDischemia = - 25 ± 2.3 vs. ΔAPDFCCP = - 6.6 ± 
1.5, p<0.05). In addition, we investigated the change in CV caused by ischemia. At the 
lowest BCL=150 ms, CV is significantly reduced during 5 min (CV=0.5 ± 0.06 m/s, 
p<0.05) and 10 min (CV=0.4 ± 0.02 m/s, p<0.05) of ischemia, compared to control 
conditions (CV=0.82 ± 0.02 m/s). Therefore, CV is significantly reduced during ischemic 
conditions, as has been reported previously (Carmeliet, 1999; Kleber et al., 1986). 
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Figure 6-6 Relative change of APD and CaD during 10 minutes of treatment with 50 nM 
FCCP and 10 minutes of no-flow global ischemia on APD and CaD. A) Relative increase of 
CaD, ΔCaD, for different BCLs during 10 minutes of FCCP and 10 minutes ischemia. B) Relative 
reduction of APD, ΔAPD, for different BCLs during 10 minutes of FCCP and 10 minutes 
ischemia. Asterisk (*) represent statistical significance (p<0.05) between FCCP and ischemia. 
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6.5 Discussion 
 In this manuscript, we examined the role of FCCP in the formation of APD and 
[Ca2+]i alternans in the whole rabbit heart. The main findings of this study are the 
following: 1) treatment with FCCP facilitates early onset of both APD and [Ca2+]i 
alternans in the heart; 2) FCCP significantly increases intraventricular heterogeneity in 
APD but not in CaD, and significantly reduces the CV of electrical propagation in the 
heart; 3) uncoupling the mitochondrial network increases CaD at higher BCLs, similar to 
global ischemia. 4) uncoupling the mitochondrial network significantly reduces APD at 
all BCLs; however, this effect is significantly smaller than the one caused by global 
ischemia. Therefore, uncoupling the mitochondrial network, similar to global ischemia, 
facilitates APD and [Ca2+]i alternans formation in the heart, which in turn creates a 
substrate conducive to formation of ventricular arrhythmias. 
 FCCP uncouples the mitochondria at low concentrations and increases oxygen 
consumption by disrupting the proton gradient that is required for electron transport 
(Aon, Cortassa, Wei, Grunnet, & Rourke, 2010; Brennan, Berry, et al., 2006; Zablockaite 
et al., 2007). This is similar to what occurs during myocardial ischemia.  During the early 
phase of ischemia, electron transport and the ejection of H+ in the mitochondria is ceased 
(Baines, 2009). Moreover, the damaged mitochondria cannot efficiently transfer electrons 
through the electron chain which, in the long run, damages mitochondrial proteins 
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(Baines, 2009).  As an immediate consequence, the electrochemical gradient necessary 
for ATP synthesis to occur is insufficient to maintain the energy demands of the cell, 
resulting in depolarization of the mitochondrial membrane, which causes a significant 
drop in ATP and an increase in [Ca2+]i.   
 Any factor that diminishes Ca2+ sequestrations generates favorable conditions for 
Ca alternans to occur (Florea & Blatter, 2010). Ca2+ sequestration normally occurs 
against an electrochemical gradient, thereby requiring the consumption of ATP.  
Therefore, a reduction in the production of ATP by the mitochondria is usually followed 
by impairment of Ca2+ removal from the cytosol.  Indeed, it has been shown that 
mitochondria accumulate Ca2+ when exposed to higher frequencies of Ca2+ transients 
(Dedkova & Blatter, 2008; Hüser, Blatter, & Sheu, 2000; O’Rourke & Blatter, 2009). 
However, this elevated [Ca2+] in the mitochondrial matrix will eventually reduce the 
electrochemical gradient for mitochondrial Ca2+ uptake. 
Previous studies have investigated the effects of mitochondrial stress and 
depolarization in the isolated myocytes and whole hearts. For instance, Brown et al. 
(Brown et al., 2010) reported that collapse of the mitochondrial potential mediated by 
diamide treatment caused increased occurrences of arrhythmias and initiated mechanical 
dysfunction caused by marked increase in glutathione disulfide (Liang et al., 2002; 
Mallet, Squires, Bhatia, & Sun, 2002). They also reported that prevention of the 
mitochondrial potential collapse afforded protection from electromechanical dysfunction 
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in the guinea pig hearts. Similar results were reported by Akar et al. (F. G. Akar et al., 
2005), who demonstrated that preventing mitochondrial stress and depolarization using 
MBzR prevents the occurrences of spontaneous arrhythmias upon reperfusion in the 
heart. These reports support the hypothesis that ischemia-reperfusion related 
electrophysiological alterations and arrhythmias in intact hearts are in part a consequence 
of the failure of the cellular mitochondrial network to maintain the mitochondrial 
membrane potential. Although these studies show that mitochondrial stress is an 
important factor, they have not looked at the development of abnormal rhythms like 
alternans during ischemia.  
In recent study, Florea and Blatter investigated the role of mitochondria in 
alternans formation in isolated cat atrial myocytes (Florea & Blatter, 2010), and 
demonstrated that any intervention that interferes with mitochondrial ATP production or 
mitochondrial Ca2+ buffering, using various pharmaceutical agents, enhanced Ca2+ 
alternans. Similar to our experiments (Figure 6-2 and Figure 6-3), after treatment with 
FCCP, there was an increase of CaD and CaA alternans.  However, they did not examine 
what occurs in voltage with each intervention. To our knowledge, our study is the first to 
show that uncoupling the mitochondria, similar to what occurs during ischemia, 
facilitates the formation of APD and [Ca2+]i alternans in the whole heart. Therefore, it is 
plausible that during ischemia, uncoupling of the mitochondria alone contributes to 
proarrhythmic alternans. It is important to note that, although FCCP places mitochondria 
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under a lot of stress and causes mitochondrial uncoupling at the concentrations used in 
this study, another consequence of FCCP involves the accumulation of protons, thereby 
creating acidic conditions in the heart. Since acidosis is present very early during 
ischemia, and it facilitates calcium alternans in the heart, as has been described 
previously (Kapur, Wasserstrom, Kelly, Kadish, & Aistrup, 2009), acidosis may be an 
alternative mechanism through which FCCP promotes calcium and APD alternans in the 
heart. 
It has been shown previously that at the single cell level small concentrations (30 
-100 nM) of FCCP is cardioprotective (Brennan, Berry, et al., 2006; Brennan, 
Southworth, et al., 2006). However, our study in the whole rabbit heart (R. M. Smith et 
al., 2012) suggested that pretreatment of the heart with FCCP at these concentrations 
before no-flow global ischemia is arrhythmogenic. The mechanism of arrhythmogenesis 
is suggested to be interventricular heterogeneity, which cannot be evaluated at the single 
cell level. In our study, we used 50 nM FCCP to uncouple the mitochondrial network, but 
it is feasible that different concentrations of FCCP may provide a different effect on both 
voltage and calcium and needs to be further investigated.  
The effect of no-flow global ischemia on the heart has been studied in detail, 
while the effect of uncoupling the mitochondria has not received a lot of attention. 
Previous studies have shown that ischemia reduces APD and increases spatial dispersion 
of refractoriness by increasing heterogeneity of APD (Lakireddy et al., 2005; Matiukas, 
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Pertsov, Kothari, Cram, & Tolkacheva, 2009), and it has been suggested that these 
significant changes can occur within the first 5-10 mins of interruption of perfusion (F. G. 
Akar et al., 2005).  These studies have also shown that ischemia also affects calcium 
dynamics by increasing the duration of the [Ca2+]i transients in a more homogenous way. 
Our results show that uncoupling the mitochondria has similar effects to the one from no-
flow global ischemia in isolated hearts. FCCP treatment led to a lengthening of the 
[Ca2+]i transients without any increase in its 2D dispersion. Furthermore, our results also 
show that FCCP treatment increased the heterogeneity of APD at both 5 and 10 minutes, 
although the APD shortening effect is much milder than that caused by ischemia at the 
same time point. The direct comparison of BOnset between FCCP and ischemia was not 
possible due to the fact that during ischemia APD, CaD, and CaA alternans occurred at 
the beginning of the pacing, at BCL=300 ms. The discrepancy between the onset of 
alternans caused by FCCP and ischemia can be attributed to the concentration and time 
course of FCCP treatment. It is possible that a higher concentration or longer time of 
mitochondria uncoupling could produce similar effects as 10 minutes of no-flow global 
ischemia. In this study, we used 10 minutes of 50 nM of FCCP in accordance with 
previous studies also using FCCP (Brennan, Berry, et al., 2006; Brennan, Southworth, et 
al., 2006). Another possible explanation is that other electrophysiological changes during 
ischemia, such as hyperkalemia, acidosis, etc. (Senges et al., 1984; Senges, Brachmann, 
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Pelzer, Mizutani, & Kubler, 1979), may cause a larger effect on the membrane voltage 
than on intracellular calcium alternans.  
 In our previous study (R. M. Smith et al., 2012), we found that FCCP 
pretreatment increased interventricular heterogeneity during no-flow global ischemia, 
which we suggested caused ventricular fibrillation. It is possible that ventricular 
fibrillation occurred due to the formation of alternans during treatment with FCCP; 
although we did not look at this phenomenon in detail.  In our current study, we 
compared 2D alternans maps between 10 minutes of treatment with FCCP and 10 
minutes of no-flow global ischemia (Figure 6-5 and Figure 6-6). We found similarities in 
the electrophysiological effects of both conditions, which suggest that uncoupling the 
mitochondria may lead to alternans formation during ischemia. Our data also suggest that 
even though voltage is affected more than calcium when the mitochondria is uncoupled, 
the effect of FCCP treatment on membrane voltage is milder than that of ischemia.  
However, more studies need to be done to understand the exact cellular mechanism of 
APD and [Ca2+]i alternans formation. 
6.6 Conclusion 
FCCP, at a concentration of 50 nM, facilitates APD and [Ca2+]i alternans in the 
whole rabbit heart. We suggest that during myocardial ischemia, uncoupling the 
mitochondria might be one of the important mechanisms capable of creating a 
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proarrhythmic substrate more conducive to development of fatal or severe ventricular 
arrhythmias. 
6.7 Limitations 
In this study, we investigate the effect of mitochondrial stress on the alternans 
formation in the heart using FCCP. Although it is known that FCCP causes mitochondrial 
stress and uncoupling at low concentrations by affecting proton conductance across the 
mitochondrial membrane; it is still debatable and unclear if they have similar effects on 
the plasma membrane. Indeed plasma membrane changes were reported in other types of 
cell such as endothelial cell (Park et al., 2002), astrocytes and neurons (Juthberg & 
Brismar, 1997). Hence, there remains the possibility that electrophysiological changes in 
the FCCP treated heart that facilitates alternans formation maybe partly caused by FCCP 
induced changes in the plasma membrane. 
In this study, we assume that within a single downsweep pacing protocol (2.5 
mins), the conditions of no-flow ischemia and FCCP treatment remains the same. 
However, it is important to note that since no-flow ischemia is such a dynamic process, it 
is difficult to attain true steady state. While we believe we have overcome this by 
implementing protocols at different time points, we would like to address this as a 
potential limitation. In addition, the heart preparation was continuously superfused with 
bath solution gassed with nitrogen during cessation of coronary perfusion. Therefore, 
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there is a possibility that some by-products of ischemia such as potassium, might be 
partially washed out from the superficial layers.  
Moreover, it is important to note that Rhod-2AM may accumulate in organelles 
that are capable of storing Ca2+ (G Salama & Hwang, 2009), such as the mitochondria. 
However, this effect is negligible at the small concentration of the dye that was used in 
this study, and therefore it is likely the change of fluorescence we observe is due to 
cytoplasmic Ca2+, and not the Ca
2+ in the matrix of the mitochondria or any other 
organelle. 
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7 Conclusions and Future work 
7.1 Conclusions 
The aim of this dissertation was to understand the spatio-temporal development of 
both APD and calcium alternans to identify the primary factor of electromechanical 
alternans in the heart; and to investigate if the onset of alternans can be predicted before 
they occur. Furthermore, it aims to understand the role of mitochondria in the mechanism 
of alternans. The focus was on improving our knowledge of alternans and their basic 
underlying mechanism and pathways, so that better treatment and/or prevention strategies 
can be developed.  
The results shown before suggest that [Ca2+]i has a local onset in the isolated heart 
similar to APD alternans and that CaA alternans might be the primary driving force for 
APD and CaD alternans. These results indicate the local onset of [Ca2+]i alternans always 
occurs first, which then causes alternations in APD as has been previously demonstrated 
in numerical investigations and single cell experiments. In order for [Ca2+]i alternans to 
be considered the cause of accompanying APD alternans, it is necessary to show that, for 
a given cell within the intact heart, the two phenomena are inexorably linked. Initially, 
this link has been demonstrated using monophasic action potential electrodes recordings, 
and later using more rigorous optical mapping studies. The fact that [Ca2+]i transient and 
APD alternans occur together is consistent with the hypothesis that the [Ca2+]i transient 
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“controls” APD, but this never has been sufficiently  proven, because it is possible that 
purely voltage-dependent currents could produce APD alternans. However, the results 
outlined in chapter 5 show that APD alternans occur in the same region that was already 
occupied by [Ca2+]i alternans, which seem to indicate that calcium alternans drives APD 
alternans in the whole heart even with complex spatial factors.   
 In light of this above result, it becomes even more crucial that techniques be 
developed to predict the onset of [Ca2+]i alternans (specifically CaA alternans)  since our 
results shows that CaA alternans consistently develops ahead of either APD or CaD 
alternans. The experiments in chapter 5 demonstrate that the restitution portrait can, 
indeed, be used to predict the onset of [Ca2+]i alternans. This is a significant finding, the 
applications of which, could eventually find its way for use in implantable pacemakers.  
The role of mitochondria in mitochondria in alternans formation was then further 
investigated. The results outlined in chapter 6 show that FCCP, at a concentration of 50 
nM, facilitates APD and [Ca2+]i alternans in the whole rabbit heart by causing alternans to 
appear earlier. This suggests that during myocardial ischemia, uncoupling the 
mitochondria and the resulting mitochondrial dysfunction might be one of the important 
mechanisms capable of creating a proarrhythmic substrate more conducive to 
development of fatal or severe ventricular arrhythmias. Results also show that uncoupling 
of the mitochondria and myocardial ischemia cause similar electrophysiological changes, 
though, not in the same scale. This is because mitochondrial dysfunction is just one of the 
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pathophysiological components of ischemia along with acidosis and accumulation of 
extracellular potassium. Another factor influencing this result is the concentration of 
FCCP used in these experiments. Remember, ischemia at 5-10 mins causes complete 
depolarization of the mitochondria, while the concentration of FCCP used would only 
cause the mitochondrial network to uncouple slightly, which is one of the earlier stages of 
mitochondrial dysfunction, as summarized in chapter 2.12.2.  
7.2 Future Work 
While the work presented in this dissertation improves on the current knowledge 
available on the development and mechanisms of alternans formation, further work needs 
to be done to obtain a more complete understanding and before the results of this work 
can result in any practical application.  
One avenue is to further investigate [Ca2+]i transient duration alternans. Although 
previous literature defines [Ca2+]i alternans as the beat-to-beat variation in the amplitude 
of the [Ca2+]i transients, i.e. CaA , CaD alternans has received limited attention. In this 
study, we performed separate investigations of CaA and CaD, and demonstrated that the 
local onset of CaA and CaD alternans occurred at statistically different values of BCLs. 
CaD is thought to have similar general features as action potential repolarization and 
duration maps (E G Tolkacheva et al., 2006). The importance of CaD lies in the fact that 
[Ca2+]i overload and increases in CaD, due to spontaneous [Ca
2+]i releases from the 
sarcoplasmic reticulum (SR), can be arrhythmogenic. Spontaneous SR [Ca2+]i releases are 
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thought to be potential sources of early after depolarisations which can result in torsade’s 
de pointes, tachycardia, and other arrhythmias (Choi et al., 2002; Lazzara, 1993). 
However, physiological relevance of CaD alternans needs to be further investigated, and 
it remains unclear whether a combination of CaA and CaD alternans is more 
arrhythmogenic compared to beat-to-beat variation in CaA only. 
The second avenue for future research involves the application of restitution 
portrait analysis in existing pacemakers and application of pacing regimes which can 
sense and prevent alternans before they develop. Although work has begun on the latter, 
the primary role of [Ca2+]i alternans has to be factored into calculations. Two possible 
channels exist for integration of restitution portrait analysis for [Ca2+]i transients in 
implantable pacemakers. One involves, somehow, integrating a [Ca2+]i sensor in 
pacemakers, while other involves uncovering a parameter to relate membrane voltage and 
[Ca2+]i transients which can be sensed by existing pacemakers.  
The role of mitochondria in alternans formation also needs to be further probed. In 
this regard, simultaneous optical mapping of membrane voltage/[Ca2+]i transients and 
mitochondrial membrane potential would be a valuable tool. With these experiments, one 
can monitor how the mitochondrial membrane potential changes in real time when 
alternans develops.  Further research also needs to be done to uncover the molecular 
mechanisms through which mitochondrial dysfunction promotes alternans formation. 
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These experiments would provide valuable information on potential sources of targeted 
drug treatments to prevent alternans and arrhythmias.  
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